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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to be 
a treatise on any part of the subject. However, related reports from different sources are 
often treated together to yield reviews having some breadth of scope, and background 
material may be added to place recent developments in perspective. Occasionally the re- 
views are written by guest authors. Reviews having unusual breadth or significance are 
placed at the front of the issue as Feature Articles. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretationof results are often necessary to 
define the significance of reported work. Any such appraisal or interpretation represents 
only the opinion of the reviewer and (in the usual case, when the review is written by 
Combustion Engineering, Inc., Nuclear Division staff) the Editor. When the review is 
predominantly interpretive the reviewer is named; unless identified as a guest author, he 
is a member of the Combustion Engineering, Inc., Nuclear Division staff. Readers are 
urged to consult the original references to obtain all the background of the work reported 
and to obtain the interpretation of the results given by the original authors. 

For timely coverage, Power Reactor Technology must often review fragmentary mate- 
rial. The fixed subject headings listed below have been adopted in the hope of maintaining 
some continuity and order in the material from one issue to another: all reviews except 
Feature Articles will be arranged under these headings. A particular issue will not neces- 
sarily contain all the headings but only those under which material is reviewed. 


Economics, Applications, Programs Systems Technology 

Resources and Fuel Cycles Components 

Physics Design and Construction Practice 
Fluid and Thermal Technology Operating Experience 

Fuel Elements Specific Reactor Types 
Materials Specific Applications 

Control and Dynamics Unconventional Approaches 


Containment, Radiation Control, and Siting 


W. H. Zinn, Vice-President 
J. R. Dietrich, Editor 
Combustion Engineering, Inc. 
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Availability of 
Third Geneva Conference Papers 


1. Copies of all papers may be purchased from the European Office of the 
United Nations for two Swiss francs (46 cents) per paper plus postage. Address: 
European Office of the United Nations, Palais des Nations, Geneva, Switzerland, 
Attention: R. Furstenberg, Chief, Distribution Service Documents Division. When 
UN stocks are exhausted, reproduced copies of all papers may be purchased 
from the IAEA in Vienna at a price of $1.50 per paper. Address: International 
Atomic Energy Agency, Kaerntnerring 11, Vienna I, Austria. 

2. Reproduced copies of all U. S. papers (no foreign) may be purchased at 
a price of $1.00 per paper from the Clearinghouse for Federal Scientific ana 
Technical Information (formerly OTS). Address: National Bureau of Standards, 
U. S. Department of Commerce, 5285 Port Royal Road, Springfield, Va. 22151. 

3. The American Nuclear Society will provide Xerox copies of all papers at 
25 cents per page. Address: American Nuclear Society, 244 East Ogden Ave., 
Hinsdale, Ill. 60521. 

4. The U. S. Atomic Energy Commission, Division of Technical Information 
Extension, Oak Ridge, Tenn. 37831, has produced micronegatives of all Geneva 
papers. Complete sets of duplicate negatives were distributed to the AEC, other 
government agencies, and their contractors; sets of U.S. papers only were 
distributed to AEC depository libraries. 


(All U. S. papers were abstracted and indexed in Vol. 18, No. 18, of Nuclear 
Science Abstracts. All foreign papers will be similarly abstracted and indexed 
in Vol. 18, No. 21.) 
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Power Reactor Technology 





Of the massive information collection produced 
by the Third United Nations International Con- 
ference on the Peaceful Uses of Atomic En- 
ergy, an important fraction deals with specific 
power-reactor types, with the progress made 
in their development, and with the experience 
gained in building and operating individual re- 
actors of the various types. This entire issue 
of Power Reactor Technology is devoted to a 
review of that information.* More general re- 
views of the conference have been published 
elsewhere, notably in Nucleonics' and Nuclear 
News.’ 

Because of the special nature of this issue, 
the usual section headings as given in the Fore- 
word do not appear. Instead, each of the follow- 
ing sections is on a particular reactor type. 

Of the reactor types under serious devel- 
opment, two can be said to have achieved 
commercial acceptance: the “water” reactors 
(pressurized and boiling H,O) and the “Magnox” 
gas-cooled reactors. The heaviest building 
commitments have been made in the latter type, 
amounting, through 1968, to over 5000 Mw/(e) 
in the United Kingdom and some 1300 Mw(e) in 
France, The application of the prestressed con- 
crete pressure vessel to this reactor type has 
done much to improve its potentialities, with 
respect to both size and operating pressure. 
Nevertheless, it appears that other types will 
replace it in future building plans, at least in 
the United Kingdom. Whether the replacement 
type wiil be its direct descendant, the advanced 
gas-cooled reactor, is not clear at this time. 

The water reactors are still in a state of 
vigorous development, and it appears that, in 





*The Conference papers are to be published in 
bound form, Meanwhile, the papers are available and 
can be obtained from the sources listed on the pre- 
ceding page. 


the economic climate of the United States, it 
will be <ifficult for another reactor type to re- 
place them so long as the basic costs of par- 
tially enriched nuclear fuels do not rise much 
above current levels. In the economic competi- 
tion between the boiling- and pressurized- 
water types, it is difficult to detect a clear 
basic advantage of one over the other at the 
moment, although the rapid trend to plants of 
very high output may favor the pressurized- 
water type in the long run. 

Another group of reactor types, each of which 
is represented by one or two bona fide power- 
generating plants, mostly in the lower capacity 
ranges, might be said to be in the “demonstra- 
tion” stage. The most advanced of these are the 
Russian graphite-moderated superheat reactor 
(Beloyarsk) and the pressure -tube D,O reactor 
|for each of which commitments have beei 
made for a follow-on reactor in the 200-Mw(e) 
range| and the sodium-graphite reactor. The 
advanced gas-cooled reactor and the organic- 
moderated reactor also fall in this group. How- 
ever, in regard to the latter, indications are 
that the future of organic liquids in central- 
station reactors lies in their use as coolants 
for D,O-moderated reactors. The interesting 
variation on the organic-moderated concept 
represented by the Russian ARBUS reactor ap- 
pears to be directed specifically to remote- 
station applications. 

The remaining rather large group of reactor 
types under serious development cannot be said 
to be “demonstrated” in terms of prototypes 
of commercial versions. Some are very close 
to that stage, however. The integral nuclear 
superheat concept awaits only the full-scale 
operation of the BONUS and Pathfinder plants 
to enter the “demonstration” stage: both of 
these plants are currently in the process of 
startup. The heavy-water reactor of the 
pressure-vessel type is represented by two 
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operating plants: the Halden Boiling Water Re- 
actor that produces process steam, and the 
Agesta plant, a pressurized heavy-water plant 
that produces 10 Mw of electricity along with 
hot water for space heating. It would be stretch- 
ing a point, however, to call these demonstra- 
tion plants in the sense of the word used here; 
for the proposed characteristics of the com- 
mercial version, as exemplified by the Marviken 
plant, involve substantial extrapolations in sev- 
eral areas. The high-temperature gas-cooled 
type has been critical (the Dragon reactor), and 
the Peach Bottom plant is under construction; 
the latter is intended as a prototype. At least 
three versions of D,O-moderated pressure- 
tube reactors utilizing coolants other than D,O 
are under serious development; the coolants 
used are H,O (boiling liquid, fog, or steam), 
organic, and gas. Experimental reactors having 
the latter two coolants are being built. 

The position of the fast-breeder reactor is 
a little hard to classify, but it can hardly be 
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said to have reached the demonstration stage 
despite the facts that it was first used to pro- 
duce electric power in 1951, that a plant of 
moderately large output (Dounreay) has been 
in operation for some time, and that a large 
commercial plant (the EFFDR) is in process of 
startup. This is primarily because a fuel ac- 
ceptable for commercial operation has not yet 
been demonstrated, Nevertheless, of all the re- 
actor types, the fast breeder is probably the 
one of most universal interest, and continuing 
strong development efforts are foreseen for the 
future. 

In the following sections the preceding rather 
brief remarks are expanded, and the status of 
each of the reactor types is reviewed on the 
basis of the information presented at Geneva. 


References 


1. Nucleonics, 22(10): (October 1964). 
2. Nucl. News, 7(10): (October 1964). 
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The nonmilitary land-based boiling and pres- 
surized light-water-moderated reactors of the 
world, other than the purely experimental ones, 
are listed in Table II-1. The table includes the 
more important reactors under construction as 
well as the reactors in operation. These reac- 
tor types are the ones of most interest, and the 
best known, in the United States; indeed, with 
the exception of the Russian reactor at Voro- 
nezh, all the reactors in Table II-1 were de- 
signed either by U. S. firms or with their as- 
sistance. Because these types have been covered 
most thoroughly by Power Reactor Technology 
in the past, this review of the many Geneva 
papers on light-water reactors is abbreviated 
in favor of greater coverage for the reactor 
types less well known in the United States. The 
major past reviews in Power Reactor Teclnol- 
ogy, of design and operating experience for 
specific water-moderated reactors, may be 
located by means of Table II-2. 


Operating Experience 


The operating experience with Yankee, the 
CETR, Saxton, and Shippingport is detailed in 
Ref. 1, and Ref. 2 covers operating experience 
with the Dresden, Big Rock Point, and Humboldt 
Bay reactors. References 3 and 4 discuss pre- 
liminary operating experience with the Russian 
pressurized-water reactor, WWER. Operating 
experience with Shippingport, Yankee, the CETR, 
and Dresden has been reviewed in past issues 
of Power Reactor Technology, as indicated in 
Table II-2. Much of the information contained in 
Refs. 1 and 2 on Shippingport, Yankee, Dresden, 
and the CETR has been covered in these re- 
views, but Ref. 2 also contains significant in- 
formation on the Big Rock Point and Humboldt 
Bay reactors. Both of these reactors went into 
commercial operation in late 1963 and have had 


By John S. Wiley 


availability factors of about 95% through the end 
of the year, a period which did not involve re- 
fueling. Both reactors experienced leakage past 
the inner O-ring seal of the pressure-vessel 
head. In the case of the Big Rock Point reactor, 
this was attributed to a number of thermal cy- 
cles plus the use of three different operating 
pressures, and the leakage was stopped by re- 
placement of the O-ring. The vessel-head flange- 
sealing surface of the Humboldt Bay reactor was 
modified by grinding to prevent further leakage. 

An interesting repair technique was employed 
on the Big Rock Point reactor. Flow-induced 
vibration was found to be responsible for the 
loosening of a cap screw from one of the Zir- 
caloy fuel channels; this vibration was caused 
by direct impingement of the recirculating flow 
on a portion of the core support, and the core- 
support plate had to be removed for installation 
of a new flow distributor. This work was per- 
formed inside the water-filled reactor vessel 
by four divers with a significantly low resultant 
radiation exposure. 

References 3 and 4 discuss physics studies 
and preliminary experience with the Russian 
WWER. As of the date of the references (May 
1964), the WWER had not produced nuclear 
electricity, although the turbines had beer rolled 
on steam from auxiliary boilers. Critical ex- 
periments had been done, and the primary 
coolant system had been debugged. 


Significant Developments 


Fuel Elements, Fuel Materials, 
and Cladding 


As indicated in Table II-1, the water-moder- 
ated reactors typically employ fuel in the oxide 
form (UO,, or a UQG,-ThO, mixture as in the 
CETR and the ERR), usually as pressed and 
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LOCATIONS OF PREVIOUS REVIEWS OF DESIGN AND OPERATING 
EXPERIENCE FOR WATER-MODERATED REACTORS IN 


Table II-2 


POWER REACTOR TECHNOLOGY 











Reactor Item Vol Issue Pages 
Shippingport First refueling 2 52-5 
Power-generation history, fuel-element 5 4 61-72 
examination, experience with major 
equipment, radiation control, second 
core 
Instrumentation, second refueling 6 2 64-67 
FEDAL system, loss-of-flow experiments, 6 3 49-55 
radiation, hydraulics experiments, 
fuel failure 
Operating history, pressure-vessel 7 2 193-196 
irradiation, fuel examinations 
Yankee Design 4 3 47-55 
Head closure, containment experience, 4 4 69-70 
turbine vibration 
Control-rod examination 6 3 55-56 
In-core instrumentation, radioactivity 6 4 82-91 
problems, reactivity characteristics 
Dresden Design 4 4 56-68 
Control rods, grid-plate cracks, load 5 2 56-59 
following 
Water chemistry, load schedules, 6 2 60-64 
transient experiments 
CETR Design 6 3 28-40 
Fuel pool experience, control-system 7 3 313-315 
operation, performance 
Elk River Design 5 2 33-47 
Humboldt Bay and Design ¢ 1 70-84 


Big Rock Point 





sintered cylindrical pellets in jackets of Zir- 
caloy or stainless steel. An early exception was 
the Experimental Boiling Water Reactor, which 
used plates of uranium metal alloyed with small 
percentages of zirconium and niobium, clad with 
Zircaloy. The Shippingport reactor used Zir- 
caloy-clad plates of uranium—zirconium alloy 
for the seed loadings installed in core 1; since 
the seed fuel is highly enriched, this alloy was 
rich in zirconium. 

In Ref. 5 the results of the U. S. program on 
oxide fuels are summarized as follows: 


During the past five years in the United States 
there has been a systematic approach to design 
formulation, fabrication development, and pertor- 
mance testing of uranium oxide type fuels. Suffi- 
cient data are available to allow a quantitative 
evaluation of oxide fuels for use in economic cen- 
tral-station power applications. The extensive 
scope of this program includes: 

a. Over 130,000 Zircaloy and stainless steel clad 
UO, fuel rods have been irradiated in operating 
water and steam cooled (260°-316°C) power reac- 
tors. Maximum exposure attained is about 28,000 
MWD/TU; maximum heat fluxes are about 350,000 
Btu/hr-ft? for Zircaloy clad fuel and 450,000 for 
stainless clad fuel.... 

b. Over 4000 developmental fuel rods represent- 
ing 37 different fabrication processes have been ir- 
radiated in water and steam cooled test reactors 
and loops. Maximum exposure attained was 16,000 


MWD/TU and 1,435,000 Biu/hr-ft? peak heat flux. 
Plate UO, fuel has been irradiated in test loops to 
127,000 MWD/TU exposure. 

c. More recently, oxide fuel elements have been 
irradiated to 3600 MWD/TU maximum at 445,000 
Btu/hr-{t? heat flux in superheat steam (510°C) test 
reactor loops. 


The reference continues with a discussion of 
fuel-fabrication techniques and the behavior of 
fuel elements clad in zirconium alloys and 
stainless-steel alloys. Table II-3 gives addi- 
tional details on oxide cores clad with Zircaloy- 
2 and stainless steel, which reflect U. S. de- 
sign practice. 

In general, the in-reactor behavior of the 
Zircaloy-clad elements has been “outstanding,”® 
with but few failures. Purposely defected ele- 
ments have operated relatively successfully, 
with little loss of UO, to the coolant and little 
reaction between the fuel and the available ox- 
ygen in the water; washout from powder-filled 
fuel elements has been slight. Hydrogen pickup 
by the zirconium-base alloys has generally 
proved acceptable, with in-pile pickup well 
correlated with autoclave corrosion data (Fig. 
II-1). 

The outstanding example of in-pile experi- 
ence with stainless-steel-clad fuel elements is 
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Table II-3 DETAILS OF POWER-REACTOR CORES FABRICATED WITH ZIRCALOY-2 


AND STAINLESS STEELS 








Rod outside Cladding Peak heat Average 
Power, No. of diameter, thickness, flux x 1075, exposure, * 
Mw(e) rods in. in. Btu/(hr)(sq ft) Mwd/ton of U 
Zircaloy-Clad Fuel Elements 
Boiling-water reactors 
Dresden 220 15,500 0.570 0.030 3.46 9,000 
Dresdent 192 0.470 0.025 3.46 7,000 
Japan 12 3,460 0.564 0.033 2.96 1,000 
Kahl 16 3,200 0.571 0.033 3.38 4,500 
SENN 150 17,000 
Pressurized-water reactors 
Shippingport coret 68 16,400 0.411 0.023 3.43 10,000 
Shippingport core§ 150 Flat plates Flat plate, 0.020 6.50 
0.100 in. 
thick 
Carolinas-Virginial 17 1,230 0.490 0.022 4.69 1,000 
Stainless-Steel-Clad Fuel Elements 
Boiling-water reactors 
Dresden 220 4,900 0.440 0.019 (304 S.S.) 2.76 4,000 
Elk River 20 0.452 0.020 (304 S.S.) 3.13 500 
Humboldt Bay 65 8,428 0.463 0.019 (304 S.S.) 3.65 3,000 
Big Rock Point 50 7,392 0.388 0.019 (304 S.S.) 3.50 3,000 
Pressurized-water reactors 
Yankee 185 23,142 0.340 0.021 (348 S.S.) 4.46 8,000 
Saxton 20 (thermal) 1,512 0.391 0.015 (304 S.S.) 4.44 3,000 
Indian Point** 151 23,400 0.304 0.021 (304 S.S.) 5.40 3,000 
N.S. Savannah 70 (thermal) 5,248 0.500 0.035 (304 S.S.) 2.77 1,500 
SELNI 270 24,960 0.385 0.015 (304 S.S.) Under con- 
struction 





*Editor’s Note: This is the exposure attained as of the writing of Ref. 5 and is not necessarily the maximum 
attainable. 
{Straight-through 9-ft-long rods. 
tRod fuel only in blanket region. 
§Flat plates in entire core. Seed is 0.040-in.-thick plates with ZrO,-UO,, 
{Zircaloy-4 cladding; this reactor is cooled and moderated by D,O. 
**Net power is 255 Mw(e), of which 104 Mw(e) is from fossil superheaters. 


Heavy walled ‘‘free standing’’ fully annealed 
stainless steel rods have operated satisfactorily to 
27,000 MWD/TU maximum end peak heat fluxes ol 
146,000 Btu/hr-ft?. 


probably the Yankee reactor. The second core 
of this power reactor contained two assemblies 
from the first core, and these two assemblies 


operated satisfactorily to a maximum burnup 
of 27,000 Mwd per ton of uranium, Detailed ex- 
amination of the first core showed thatthe clad- 
ding exhibited no microstructural changes, an 
increase in burst strength, “limited” amount of 
crud, and no significant structural changes.” 
Thin-walled cladding, relying on the fuel for 
support, has been tested in Dresden and in the 
Vallecitos Boiling Water Reactor (VBWR) with 
less success; the VBWR results were reviewed 
in detail in the Winter 1963-1964 issue of 
Power Reactor Technology, 7(1): 27-50, andare 
summarized in Fig. II-2. 

Pertinent conclusions from Ref. 5 are as 
follows: 

Zircaloy-2 clad rod tuel has been operated sat- 
isfactorily to maximum burnup of 16,000 MWD/TU 
at peak heat fluxes of 510,000 Btu/hr-it*, and tests 
are continuing. 


Thin clad ‘‘nonfree standing’’ stainless has shown 
inter-granular stress induced corrosion at average 
burnups less than 10,000 MWD/TU and high heat 
fluxes. Exact cause of the failure mechanism is 
still under investigation. 


It should be noted, however, that more than one 
variable was changed between the freestanding- 
and nonfreestanding-cladding experiments. For 
example, the heavy-walled freestanding fuel 
elements were irradiated in a pressurized- 
water-reactor (PWR) environment and were 
fabricated of type 348 stainless steel. The thin 
nonfreestanding claddings were irradiated in 
Dresden and VBWR in a boiling-water-reactor 
(BWR) environment and were fabricated of type 
304 stainless steel. 


The irradiation behavior of ceramic fuels is 
discussed in Ref. 6. The paper presents engi- 
neering type information on a number of fuel 
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— Lustman & Kerze Curves from Autoclave Tests 
Results from Reactor Environment 
l APED Weight Gain from Postirradiation Measure- 
ments of Oxide Thickness, BWR Environment 
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Fig. II-1 Corrosion behavior and hydrogen pickup of 
Zircaloy-2. Comparison of autoclave and reactor ex- 
posures.? 


materials, including UO,, ThO,-UO,, PuO,-UOs,, 
ZrO, base—UO,, UO,-BeO, UO,-Al,03;, MgO- 
PuO,, ZrO,-PuO,, UC, PuC, UC-PuC, UN, US, 
and U,Si. Of these materials the oxides are of 
primary importance to water reactors and, 
naturally, have been investigated most exten- 
sively. For example, the thermal conductivity 
of UO,, illustrated in Fig. II-3, appears to be 
reasonably well determined. Increases in kyo, 
at high temperatures, where it has been postu- 
lated that radiative-energy-transport mecha- 
nisms become important, have not been ob- 
served in polycrystalline UO, even after 
columnar grain growth. Fission-gas release, 
although not well understood, is amenable to 
engineering calculations, at least to the ac- 
curacy required for the practical design of 
fuel elements for the H,O reactors.* Structural 
changes in UO, have been quantitatively related 
to fuel operating temperature, temperature 





*An extensive discussion of the engineering and 
performance of UO, fuel assemblies was presented by 
the Canadians in Refs. 30 to 32. Their special inter- 
est in fission-gas release presumably comes from 
the fact that they cannot design NPD type fuel rods 
with large fission-gas spaces to allow for imperfec- 
tions in gas-release calculations without introducing 
additional difficulties related to end-cap peaking, fuel 
shuffling, etc. 
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gradient, exposure, density, and irradiation 
history. Reference 6 suggests that future reac- 
tor designs may employ lower density UO, to 
encourage fission-gas release and reduce swell- 
ing during irradiation. This may be of impor- 
tance in the design of oxide fuels for long-term 
irradiation in fast reactors or for those reac- 
tors where the provision ofa fission-gas plenum 
results in an unacceptable performance penalty. 
Reference 7 reports preliminary results for 
fabrication and irradiation of UO,-PuO, fuel 
elements in the BR-3 reactor. 

References 8 and 9 report on various ex- 
periments designed to study the corrosion re- 
sistance of zirconium alloys. Reference 8, 
which is primarily of interest to the specialist, 
is on metallurgical techniques in which radio- 
active tracers are used for the study of zir- 
conium alloy corrosion; it also presents some 
results. Reference 9 is devoted to the zirco- 
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nium-niobium alloy hydriding problem in water- 
cooled reactors. This class of alloys is an 
interesting one since the Russians have tradi- 
tionally used the zirconium-niobium alloys in 
their water-cooled power reactors, whereas 
the Zircaloys have been used almost exclu- 
sively in the United States. The reference dis- 
cusses the effect of stress upon the distribu- 
tion, or arrangement, of the zirconium hydride 
corrosion product. The hydride is in the form 
of platelets, and, if these are oriented parallel 
to the axis of the tube, their effect on tensile 
properties is minimized. On the other hand, if 
the platelets are radially oriented, serious re- 
ductions in tensile strength occur. According 
to Ref. 9: 


...formation of radially oriented hydrides is a 
function of values of the tensile stress and does not 
depend upon the methods of hydriding. Even at the 
hydrogen content of 0.01% with radially oriented hy- 
drides the pipe properties are sharply impaired; 
that proves the paramount importance of the values 
of tensile stress when using zirconium alloys in 
water-moderated water-cooled power reactors. On 
all other conditions being equal, preference should 
be given to the zirconium alloys possessing high 
yield point as in this case the value of the allowable 
hydriding stress will be higher and reliability of 
operation will correspondingly increase. 

The allowable hydriding stress of the alloy is the 
maximum tensile stress at which radial orientation 
of the hydrides under the specified service condi- 
tions does not yet occur. Evidently, it is to be taken 
into account along with other parameters in de- 
signing zirconium alloy claddings for fuel elements 
xr zirconium alloy pipes for service under pres- 
sure. 


Values of the allowable hydriding stress for 
two of the zirconium-niobium alloys are given 
in the reference. For zirconium—1 wt.% nio- 
bium, radial orientation of the hydrides oc- 
curred at 4.4 kg/mm’; and, for zirconium—2 
wt.% niobium, radially oriented hydrides were 
formed at a stress of 8.8 kg/mm? and over. 
These values are about half of the yield strength 
of each alloy at the test temperature of 400°C. 
Although the stronger zirconium-niobium al- 
loys have not excited much interest in the 
United States as cladding materials, their use 
in pressure-tube type reactors and for in-core 
structural components of pressure-vessel type 
reactors may increase. 


Reference 10 summarizes a considerable 
amount of U. S. experience on corrosion in 
aqueous systems. The generally successful use 
of Zircaloy and stainless steel in power reac- 
tors is confirmed, and the superiority of beta- 
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quenched Zircaloy-4 over Zircaloy-2 in high- 
temperature water is discussed. With regard to 
stainless steel, the authors note that “.. . highly 
stressed thin wall cladding, representing ad- 
vanced fuel concepts, has failed in VBWR after 
exposures considerably shorter than required 
for economic performance... .”!° Although this 
is true, failures have also been noted in VBWR 
irradiation of types H and I elements in the 
Fuel-Cycle Program; these elements were de- 
signed to be freestanding |see reviews in Power 
Reactor Technology, 7(1): 27-50 and 7(4): 354- 
355]. 

In summary, there is little doubt that metal- 
jacketed oxide fuel elements can be made to 
have attractively long service lifetimes in 
water-cooled reactors. The quantitative princi- 
ples of optimum design are not completely 
understood, however, and caution is in order 
in making substantial departures from the de- 
signs which have been proved out by reactor 
experience. It follows also that, in quoting and 
using the experience obtained to date, one must 
be particular and comprehensive in considering 
the conditions under which the experience was 
obtained. Some departure from this principle 
was evident in the informal discussion in the 
Geneva sessions, where the Shippingport ex- 
perience with exposure lifetime of the blanket 
elements appeared to be regarded as typical 
for oxide fuel elements, even though the ther- 
mal demands on the oxide in these elements 
are relatively quite mild [see the review of Ship- 
pingport Operating Experience in Power Reac- 
tor Technology, 7(2): 193}. 


Water Chemistry: Use of Mild Steels 
in Aqueous Systems 


The use of mild steels in portions of power- 
reactor primary circuit piping has been com- 
mon practice for some time; Dresden, for 
example, uses low-alloy and carbon steels for 
the primary and secondary steam piping and 
the feedwater system. A full-flow condensate 
demineralizer is provided, however. In Ref. 10 
the use of boiler steel is considered for unclad 
pressure vessels, and the conclusion reached 
is that the question is “unresolved.” The prob- 
lem is of more than academic interest, how- 
ever, since at least one power reactor under 
construction (the second unit of the WWER) is 
said’® to utilize an unclad pressure vessel. 
Accordingly, the discussion presented in Ref. 
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11 serves to illuminate some of the problems 
associated with the use of mild steel in power- 
reactor primary circuits. 

The water and steam of a typical boiling- 
water reactor will contain about 0.1 and 20 
ppm oxygen, respectively.'! Experiments done 
at the Kjeller Research Establishment in Nor- 
way, and summarized in Ref. 11, indicate that 
the initial corrosion-product release rate under 
these conditions is “high” but, under continued 
high-temperature operation, decreases to a re- 
lease rate as low as 2 mg/(dm’)(month). This 
is comparable to values for stainless steel. 
The situation has additional complications in 
the case of reactor operation since the system 
may from time to time be kept at lower tem- 
peratures for relatively long periods (as during 
refueling); rather high corrosion rates have 
been reported in neutral water at low tempera- 
tures. The paper’! suggests that during shut- 
down the oxygen content of the water should be 
monitored and reduced to the point that harmful 
corrosion will be prevented. Under low-oxygen 
conditions the corrosion film formed at high 
temperatures is apparently stable, although for 
long periods of downtime it may be necessary 
to scavenge the oxygen. 

As a further consequence of the corrosion in 
neutral water at lowtemperature, low-tempera- 
ture portions of the primary system may pre- 
sent difficulties in the absence of condensate 
cleanup systems. The corrosion products in- 
troduced into the reactor may precipitate on 
fuel elements, and Ref. 11 mentions that “rust 
generators” are to be installed in the Haiden 
Boiling Water Reactor (HBWR) to study the 
problem. 


Control: Soluble and Burnable Poisons 


The use of soluble poisons to control reac- 
tivity in pressurized-water reactors was re- 
viewed in detail in Sec. IX of Power Reactor 
Technology, 7(4). References 12 to 14 are on 
aspects of soluble-poison control, and the in- 
formation reviewed here will be supplementary 
to the material presented in the 7(4) issue. 

The dynamic performance of achemical-shim 
system is the subject in Ref. 12. The reactor 
that was used as a neutron source was a 
swimming-pool type, and the boric acid was 
contained in a pipe introduced within the core. 
The control system (feed and bleed) and as- 
sociated piping and electronics probably are 


representative of what could be used for power- 
reactor control, but the range of dynamic vari- 
ables was much greater than that encompassed 
by the chemical-shim application currently con- 
sidered in power reactors. The response of the 
control system to various reactivity steps and 
ramps was investigated with the following re- 
sults: 


...the control system examined here seems to 
have satisfactory dynamic characteristics as re- 
gards the fine control of the neutron flux level. 
There are no particular operation and maintenance 
problems. The whole system appears to be quite 
reliable, rugged and easy to handle. 


The flow diagram of the poison loop is shown 
in Fig. II-4. 


Operation of the Belgian BR-3 plant with 
boron in the coolant is described in Ref. 13. 
The steps performed to prepare the system for 
operation with the chemical shim, and sub- 
sequent transient tests, are detailed in Table 
II-4. The physical, chemical, and radiochemi- 
cal characteristics of the reactor coolant were 
monitored during the course of operations in 
the chemical-shim experiment, which lasted 
about a month. In general, the results of the 
experiment were good. Small, unexplained, re- 
activity variations occurred (Fig. II-5), but 
they happened over relatively long times and, 
in fact, were noticed in normal operations with- 
out boron. Water chemistry showed no unusual 
or unexpected trends, and the reactor coolant 
activity remained below design limits, although 
the demineralizer has been bypassed for more 
than six weeks. 


Reference 13 concludes with an interesting 
discussion of the application of chemical shim 
to a large [250 Mw(e)| reactor. Depending upon 
the operational program, from 2 to 10 tons of 
boric acid per year will have to be disposed of. 
If the core has contained failed fuel elements, 
this material will be contaminated by fission 
products to a varying degree, depending on the 
number of failed fuel rods. Distillation, elec- 
trodialysis, and ion exchange are considered 
as concentration processes, but no specific rec- 
ommendations are given. It may be that the 
success of the soluble-poison concept relies on 
keeping the number of routinely failed fuel ele- 
ments within some limit, and the value 1% is 
mentioned. Fortunately, the experience with 
the reactor type has illustrated that this limit 
is probably not an unrealistically difficult one. 
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Fig. II-4 Simplified flow diagram of soluble-poison control system.” 


Table II-4 OPERATIONS WITH THE BR-3 REACTOR: CHEMICAL-SHIM EXPERIMENT’ 





1, Preliminary operation at normal power level, without the mixed-bed demineralizer; the ion beds are not saturated 
in BO#" ions and therefore cannot be used during the boron test. 

Preliminary operation at normal power level, without demineralizer, the pH being reduced from 9.5 to approxi- 
mately 7. 


2 


During these two preliminary tests, the increase of the reactor coolant activity (very predictable) was, however, far 
from the permissible limits.* Also the air contamination remained, everywhere, far under the maximum permis- 
sible concentrations. 


3. Power operation with 125 ppm boron present in the primary coolant. This first step in the study of chemical con- 
trol made it possible to determine the overall effect of bypassing the demineralizer and of the presence of boron in 
the reactor coolant. It gave information (a) on the evolution of chemical characteristics of the water, the boron 
concentration, and the core reactivity and (b) on the possibility of compensating the xenon poisoning. 

4. Power operation with a higher boron concentration in the reactor coolant water (350 ppm). This last step, per- 
formed after a core shuffling, made possible a more extensive study: 

—Startup of the plant, and load pickup with boron present 

— Overall compensation of the xenon effect by reduction of the boron concentration 

— Power operation with all rods extracted from the core, except two rods for fine control 

—Compensation of samarium poisoning and fuel burnup by boron removal. Furthermore, various load rejections 
and fast load pickups made it possible to test the dynamic behavior of the reactor. 





*The activity of the primary coolant increased about a factor of 3 when the resin-bed purification system was not 
operational. The new value!’ was about 0.24 yc/ml. 
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Fig. I-5 Unaccounted reactivity disappearance, dk 
BR-3 reactor in the presence of 400 ppm boron.*3 


Operational experience with Yankee, Saxton, 
and the BR-3 is briefly discussed in Ref. 14. 
An interesting result of the experiments with 
Yankee and Saxton has been the discovery of 
the “pH effect” —an increase in reactivity has 
been observed with increase of the coolant pH. 
The effect has been observed both with and 
without significant boron levels in the coolant 
and has not been correlated with the poison 
content or corrosion-product concentration in 
the coolant. The increase in reactivity is only 
a few tenths of a percent, but, as of the time 
of writing of Ref. 14, no satisfactory explana- 
tion had been offered. Hot-laboratory examina- 
tion of core components of Saxton after nine 
months of operation with dissolved poison 
showed “trivial quantities of residual poison on 
the core. ”!4 

Reference 14 also discusses recent advances 
in burnable-poison control. Some of the dis- 
cussion centers around core 2 of the Shipping- 
port PWR, which utilizes boron -—stainless-steel 
strips as a burnable poison (Fig. II-6). This 
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Fig. IIl-6 Schematic arrangement of burnable poison 
in the Shippingport core geometry.*4 
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type of reactor appears to be particularly suited 
to burnable-poison control since (1) the burnable 
poison need be incorporated only in the seed 
elements, (2) only a relatively few burnable- 
poison sites need be employed, and (3) there is 
no complication due to the shuffling of fuel as- 
semblies. Also, in the seed-blanket reactor, 
the control rods are placed in the seed, and 
hence the burnable poison can be located so as 
to reduce local peaking due to rod channels. 
This approach is evident in Fig. II-6. 


Although most of the burnable-poison applica- 
tions have specified boron as the poison, a 
number of other materials offer possibilities 
for use. These are members of the rare-earth 
family (samarium, dysprosium, erbium, and 
gadolinium), and each may offer an advantage 
relative to boron in a particular situation. 


Pressure Vessels 


Three papers on reactor pressure-vessel 
design and fabrication'®-"" are from three dif- 
ferent countries and present dissimilar views 
on many aspects of pressure-vessel technology. 
For example, the “standard” material used for 
large pressure vessels in the United States is 
SA-302 grade B steel, the material used for the 
SEP and SENA pressure vessels is a steel de- 
signated “1,2 MD0O7,” and the material of the 
WWER vessel is a high-strength Cr-Mo-V 
steel. The exact composition of the latter was 
not specified, but the compositions of the other 
two are given in Table II-5. The selection of a 
pressure-vessel material usually involves a 
pressure-vessel code, and Ref. 15 contains a 
discussion of the effects of pressure-vessel 
codes of various countries. 
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Table II-5 COMPOSITIONS OF VARIOUS 
PRESSURE-VESSEL STEELS 





Nominal composition, 


Country Designation wt.% 





United States SA-302 grade B  <0.25 C, 1.15—1.50 Mn, 
0.45—0.60 Mo 

<0.18 C, 1.0—1.5 Mn, 
<0.2 Cr, 0.3-0.7 Ni, 


0.35—0.55 Mo 


Netherlands 1,2 MDO7 





In the fabrication of the Russian- and Nether- 
lands-built pressure vessels for the WWER, 
SENN, SENA, and the KRB reactors, forged 
rings were used to form the pressure-vessel 
bodies.'*»!” In contrast, the cylindrical portions 
of vessels fabricated in the United States are 
usually rolled, and, if the vessel wall is thin 
enough, the cladding is roll bonded. The ad- 
vantages of the forged-ring fabrication tech- 
nique are discussed in Ref. 15, although, as 
pointed out in that paper, the resulting vessel 
is higher in price than a similar one built of 
sheet material. 
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Pressure-vessel design and fabrication in 
the United States are discussed in Ref. 16. The 
reference opens with a discussion of the recent 
amendments tothe ASME Pressure Vessel Code 
which have resulted in the approval of Sec. III 
of the ASME Power Boiler and Unfired Pres- 
sure Vessel Codes, “Rule for Construction of 
Nuclear Vessels.” Older vessels were fabri- 
cated in conformity with either Sec. I or Sec. 
Vill. Although much of the discussion is pri- 
marily of interest to the pressure-vessel spe- 
cialist, Fig. II-7, which illustrates typical BWR 
and PWR pressure vessels fabricated by either 
of the ASME codes, Sec. III or Sec. VIII,isa 
graphic summary of some important effects of 
the changes. In the particular cases shown, the 
design by Sec. III results in significant changes 
in wall thicknesses for the cylindrical sections 
of the vessel; Table II-6 gives an estimate of 
the effect on fabrication time for BWR and 
PWR vessels of various sizes. At first con- 
sideration it is surprising that the fabrication 
times for vessels for both PWR and BWR ap- 
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Table II-6 FABRICATION TIME FOR REACTOR 
VESSELS OF VARIOUS SIZES!¢ 





Fabrication time, weeks 





Plant capacity, Sec. III Sec. VIII 
Mwée) net design design 
250 95 100 
500 120 125 
750 145 155 
1000 165 175 
1500 205 220 





plication are approximately equal. The refer- 
ence explains that this is true because the 
combination of vessel-diameter and vessel- 
design-pressure requirements offset each other. 
This, of course, may not always be the case. 
The relative size difference between BWR and 
PWR vessels, as indicated in Fig. II-7, is 
striking. Figure II-8, from the same paper, 
presents the data in slightly different form. The 
vessel-size requirements are, of course, deter- 
mined by reactor design, rather than by vessel- 
design considerations. Yet the plotted points, 
although they are not identified in the paper, 
presumably represent vessels specified for 
actual plant designs. Hence the lower section 
of the curve, at least, has authority as a rep- 
resentation of the current state of the art for 
BWR and PWR design. 


The WWER pressure vessel described in 
Ref. 17 is an unusual one and, for purposes of 
description, is divided into lower, middle, and 
upper zones (Fig. II-9). The lower zone con- 
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sists of three ring portions, each forged asa 
single piece. The middle zone contains 24 noz- 
zles, which are welded in place as shown in 
Fig. II-9. The upper zone consists of a one- 
piece forged flange and a strengthening ring, 
fitted by means of a shrink-fit technique. The 
vessel cover is a forged flat plate with 55 
penetrations, The internal surface of the vessel 
is covered with weld-deposited austenitic stain- 
less steel having a thickness of about 20 mm— 
quite thick in terms of practice in the United 
States. The ~essel-to-cover seal is accom- 
plished by a wedge-shaped nickel gasket com- 
pressed between the cover and vessel by means 
of a thrust ring held in place by studs. The 
reference describes an alternative seal involv- 
ing the welding of a flexible collar to both the 
vessel and the head. 


Thermal and Hydraulic Design 


The relatively large number of papers de- 
voted to thermal and hydraulic considerations 
of water-cooled reactors were all concerned 
with boiling phenomena and could be grouped 
into three categories: 


Basic studies of bubble dynamics, velocity 
profiles, etc. 
—JInterpretations of experimental data 
—Survey papers 


The basic studies'*-”° of boiling phenomena 


were concerned primarily with bubble dynamics, 
active sites, nucleation, and other variables of 
interest in two-phase flow. The authors initiated 
their discussion with a consideration of pool 
boiling, and, although the detailed results are 
of primary interest to the specialist, they do 
indicate that continued progress is being made 
in gaining an understanding of two-phase be- 
havior. 


Of the papers concerned with experimental 
and analytical results, two presented informa- 
tion on the critical heat flux during unstable 
burnout in two-phase flow,”’*? and two were 
concerned with predicting 4g, during stable 
burnout.”**4 The test loops used in the experi- 
ments reported in Refs. 21 and 22 both em- 
ployed natural circulation and were instru- 
mented to measure appropriate pressures, 
powers, flow rates, etc. Typical flow-power 
curves are illustrated in Fig. II-10. As shown, 
the flow initially increased, reached a maximum, 
and then decreased. As power was increased 





Winter 1964-1965 


Stud 
















































Z Pt Thrust 
4% | Ring 
Y) 4 
yj ! 
Y) y | Upper Zone 
4 | 
yj | 
AUS | 
Y 
DUNN 
AY | 
UN 
MY 
YA 
4, Z 
AY y 
GY Middle Zone 
AN | 
Cover | aT 
1] Y 
4 V) 
, 
Discharge and 
Blowing Tube tT r rT rT P 4 
\ ti ; 
N N 
ae 
: i Ut Lt fl 
N N 
N N 
N) 
N N 
Pa , 
Channels for. V] 4 
% 
Loading Vessel VY] Vy 
ei Metal Samples [J y 
Fig. II-9 Reactor vessel 4 , 
of the Novo-Voronezh eee Y 
Atomic Power Station.?” pooieaiamas 3 # 
Ny 




















1500+ Pressure, otg 
3 v7 -10 
g 0-20 
z 4-30 
5 9-80 
*4000- , 
w Y\ 
*E u 
32 V- — TNE ys Se 
2 a 
8 Instability Burnout 
S 500 bE 
” 
” 
o 
= 

0) i N J 1 1 - : 





0 20 «640 60 80 100 120 140 


Surface Heat Flux, watts/cm? 


Fig. II-10 Effect of pressure on mass velocity for 
varying heat flux. Data taken in a natural-circulation 
loop with test-section diameter of 36 mm and length 
of 4890 mm. Inlet subcooling, AT,yp, = 8 + 0.3°C. 


































































































in steps, oscillation usually commenced; three 
cases are reported: 


—Diverging oscillations causing burnout 
—Stable oscillations 
— Burnout without oscillations 


The experimental results were compared 
against predictions of a theoretical flow model. 
The predictions were obtained by numerically 
solving equations of continuity, energy, and 
momentum; the stability limit was analytically 
determined as the power input where the oscil- 
lations in inlet velocity became divergent upon 
a step increase of 1% in channel power. Although 
no general stability criteria are given in the 
reference, it would appear that the method is 
generally applicable for specific cases of uni- 
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formly heated test sections of simple geometry. 
Reference 21 also discusses the effects of inlet 
subcooling and inlet throttling on burnout heat 
flux and compares operation with natural and 
forced convection; these data are shownin Figs. 
II-11 to II-13. 


Reference 23 presents several correlations 
of burnout heat flux for flow of subcooled water 
in tubes, steam-water mixture in tubes, and 
flow in an annular gap. The correlations are 
empirical, and their interpretation is compli- 
cated by the fact that the units are of the “mks” 
system. Pressure is measured in newtons per 
square centimeter and latent heat in joules per 
kilogram; the correlation gives the burnout heat 
flux in units of watts per square meter, how- 
ever. The units for pressure should be care- 
fully noted since at least one English translation 
of a recent Russian heat-transfer article has 
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Fig. U-11 Effect of inlet subcooling on critical and 
burnout heat fluxes.*! Data takenin a natural-circula- 
tion loop with test-section diameter of 20mm and 
length of 4890 mm. Pressure = 50 atg. 
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Fig. II-12. Comparison between natural- and forced- 
circulation burnout data.*! Test-section diameter, 
20mm; length, 4890 mm. Forced-circulation data 
were taken with “heavy”’ inlet throttling. 
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Fig. I-13 Effect of inlet throttling on burnout.*! 
Test-section diameter, 20 mm; length, 4890 mm. 


Pressure = 50 atg. 


translated pressure in newtons per square 
centimeter as “neuts/cm?.” The correlation for 
ogo for steam-water mixture in tubes is as 
follows: 


po = [1.46 x 1078 7? ?(1 —x)” 


2.71 


where $g0 = burnout heat flux, watts/m? 
y = latent heat, joules/kg 
x = quality 
W, = mass flow rate, kg/(hr)(m?) 
internal tube diameter, mm 
= 3.48—0.54 (7/4.18 x 10°) 


{I 


7 
Gin 


ny 


= 


The range of applicability of Eq. 1 is stated to 
be as follows: 


392—981 newtons/cm? (568 to 1422 psi) 
2-18 x 10° kg/(hr)(m?) 


Pressure: 
Mass flow: 


Quality: 0 —0.40 
din? 4-12 mm 
Length: =200 mm 


Equation 1 is plotted in Fig. I-14 for a pipe 
diameter of 0.18 in., a pressure of 1000 psia, 
and two different values of W,. This figure 
compares the correlation with data appearing 
in Fig. III-12 of Power Reactor Technology, 
7(1). The correlation does not predict the ex- 
perimentally determined “best-fit” curve very 
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well, although the range of experimental data 
falls within the range of applicability of Eq. 1. 


Reference 23 also presents the results of 
burnout experiments utilizing nonuniformly 
heated test sections, and these are given in 
Fig. II-15. The ordinate on the curves is be- 
lieved by the reviewer to be the weighted mean 
heat flux, and the heat-flux nonuniformity is 
believed to be a radial one, although the ref- 
erence is not particularly clear in these two 
quite important aspects. The experiments were 
carried out “... with round tubes of d;,,=10 mm, 
tube length is 400 mm and with the eccentricity 
between external surfaces and internal ones 
(three values)....”’? These three values are 
probably the ones corresponding to curves 2, 3, 
and 4 in Fig, II-15. 


Reference 24 presents burnout data taken at 
General Electric—San Jose, Hanford, and Co- 
lumbia. Since the results of many of these 
programs have been reviewed in previous issues 
of Power Reactor Technology, additional details 
will not be discussed here. 


References 25 and 26 are in themselves re- 
views. Reference 25 reviews highlights of two- 
phase-flow research relative to boiling reactors 
in the United States, and Ref. 26 describes the 
experimental work on heat transfer and hydro- 
dynamics with steam-water and two-component 
mixtures done at the Centro Informazioni Studi 
Esperienze (CISE), Milan, Italy. 
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Fig. II-14. Comparison of burnout correlation of 
Alekseev et al.*> with burnout data previously pub- 
lishedin Power Reactor Technology. Pressure = 1000 
psia. 
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Fig. II-15 Heat-flux concentration nonuniformity in- 
fluence on qpo in round tubes. Curves 1, 2, 3, and 4 
correspond to values 4gg*: ago of 1, 1.12, 1.28, and 
1.50. Parts a, b, and c correspond to pressures” of 
588, 981, and 1765.8 neutrons/cm?*. 


Directions of Future 
Developments 


To some extent the future developments in 
water-reactor technology are tied into the de- 
sign features of the advanced plants of each 
type; these are listed last under the appropri- 
ate headings in Table II-1. References 27 and 
28 present views of two water-reactor manu- 
facturers on developments of their particular 
type, and Ref. 29 discusses advanced Russian 
water reactors. 

The boiling-water reactors designed by the 
General Electric Company are tied quite closely 
to the concept of pressure suppression. On the 
other hand, the recent Westinghouse-designed 
reactors utilize a variety of containments from 
an unshielded steel containment vessel to the 
double-barrier concept, employing a sandwich 
of porous concrete between two layers of steel 
and reinforced concrete. Both the pressure- 
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suppression and double-barrier concepts, how- 
ever, require that the capability be present in 
the plant to process potentially contaminated 
air from within the containment or reactor 
building during routine operation before release 
from a plant stack. 

Early designs of both the BWR and the PWR 
stations, as exemplified by Dresden and Yankee, 
used canned pumps in the primary circuit. 
This practice seems to be declining, however, 
since the Big Rock Point BWR uses pumps of 
the shaft-seal type and the San Onofre PWR is 
scheduled to use them. This change has come 
about for several reasons. Possibly in the 
pressurized-water reactors the most important 
was the desire to utilize pumps of capacities in 
excess of 50,000 gal/min. In the boiling-water 
reactors, the change is probably due primarily 
to confidence that has been built up in the 
handling of radioactivity: since the direct-cycle 
boiling-water reactors must, in any case, pro- 
vide for the handling of radioactive off-gases, 
there is less incentive to reduce the leakage of 
primary water to a bare minimum. Reference 
27, in addition, mentions that work is being done 
to develc * a jet pump for use inside the reactor 
vessel of the boiling-water reactor to “sub- 
stantially” reduce the flow external to the ves- 
sel. For other primary system components, 
Ref. 28 states that PWR plants currently under 
design and construction do not provide for 
primary-coolant-loop stop valves and check 
valves, since safety and operational studies 
indicated these valves were not needed. 

Fuel-element experience has been relatively 
good for both the pressurized-water and boiling- 
water reactors, with the exception of the failures 
of the stainless-steel-clad elements in the 
VBWR mentioned previously. As a result, Ref. 
27 states that Zircaloy is the “favored” clad- 
ding material for current boiling-water reac- 
tors, with Incoloy and Inconel slated for testing. 
On the other hand, the pressurized-water reac- 
tors have shown no difficulties when utilizing 
either stainless-steel cladding or Zircaloy, 
although large-scale experience with rod ele- 
ments of the UO,-Zircaloy type has been lim- 
ited to the rather mild conditions in the Ship- 
pingport blanket. Until the VBWR failures can 
be tied to a cause not connected with the reac- 
tor type, the PWR designer may have additional 
freedom in the choice of cladding materials 
because of the ability of the pressurized-water 
reactor to operate with close control of coolant 
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chemistry. Both references mention that spring 
type spacers will be considered for present and 
future fuel-assembly fabrication techniques. 
This eliminates welding and brazing operations 
on fuel-cladding surfaces and allows cold- 
worked cladding to be utilized, if desired. 

Control and refueling are two areas of inter- 
est for future developments. The chemical- 
shim control of the pressurized-water reactor 
has been mentioned previously. In addition, 
Ref. 28 mentions a so-called “rod-cluster- 
control” scheme for advanced pressurized- 
water reactors, to be used in conjunction with 
chemical shim. This utilizes hollow tubes that 
replace some of the fuel rods within a fuel as- 
sembly; inside each hollow tube is a cylindri- 
cal, unfollowed, absorber rod. The several rods 
within the confines of a single fuel assembly 
are mechanically connected and are operated, 
as a cluster, by a single drive unit. No cruci- 
form type control rods are employed. The ap- 
plication of soluble-poison control to the boiling- 
water reactor is less straightforward and has 
not been proposed in any commercial design. 
The use of bottom-entering control rods to as- 
sist in axial power flattening will no doubt be 
continued, and further flattening and reactivity 
compensation may be obtained with fixed shims 
of boron stainless steel. Both Refs. 27 and 28 
mention “scatter loading,” in which exposed 
fuel assemblies and new assemblies are dis- 
tributed more or less uniformly over the core 
volume rather than in zones. Upon refueling, 
the most highly exposed assemblies are re- 
placed by new assemblies, but there is no shuf- 
fling of the remaining assemblies. 

The refueling of both reactor types is com- 
plicated by above-core structure and mech- 
anism. The boiling-water reactor of the future 
most likely will have internal steam separators, 
and these will probably have to be removed be- 
fore refueling. The pressurized-water reactor, 
on the other hand, while not requiring steam- 
separation equipment within the pressure vessel, 
may have control-rod-drive guide structures 
above the core which must be moved. This 
structure becomes more complex when “cluster” 
rods are used. The efficient removal of the 
above-core components will probably continue 
to be an important consideration for both reac- 
tor types in order to minimize downtime for 
refueling purposes. In-core instrumentation, 
mentioned in both references, will probably 
continue to follow the control-rod-drive posi- 
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tion, being inserted into the BWR core from 
the bottom and into the PWR core from the top. 
Thus the BWR in-core instrumentation need 
not be removed during fuel handling, whereas 
Ref. 28 mentions that the PWR in-core instru- 
mentation probably will be removed as a unit, 
being attached to a common support plate pre- 
sumably located above the core. One of the 
criticisms of the water reactors, heard rather 
frequently in the informal discussions at Geneva, 
was the long shutdown time required for re- 
fueling. No doubt this problem will receive in- 
creasing emphasis in coming years. 
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assembly consists of a guide tube mounted 
permanently in the core; its shape is hexa- 
hedral outside and cylindrical inside. The 
safety rod is fabricated of a cylindrical ab- 
sorber 125 mm in diameter, which is followed 
by a zirconium alloy scatterer without fuel in 
the WWER-1 and by a fueled follower in the 
WWER-2. 

Some of the differences between the two 
reactors—for example, the change to electric 
pressurization and the adoption of ion-exchange 
water treatment—involve changing to design 
techniques that have been used in the United 








Table I-7 COMPARISON OF WWER-1 AND WWER-2 
Parameter WWER-1 WWER-2 
Power, Mw(e) 210 365 
Status Operating Under construction 
No. of stationary fuel 
assemblies 312 276 
Length, m 2.5 2.5 
Shape, cross sectional Hexagonal Hexagonal 
Distance across flats, 
mm 144 144 
Pitch 147 
Fuel-pin geometry Rods Rods 
Cladding material Zr-Nb Zr-Nb or S.S. 
Cladding outside 
diameter, mm 10.2 8.8 


No. of pins/assembly 
Fuel material 
Fuel-pellet outside 
diameter, mm 
No. of movable fuel assem- 
blies 
Compensating 
Safety 
Coolant purification 
No. of primary loops 
Pressurizer type 
Coolant pressure, atm abs. 
No. of turbines 


90 
UO, pellets 


127 
UO, pellets 


8.7 7.7 

31 60 

6 13 
Evaporation Ion exchange 
6 38 

Gas Electric 


100 
3 


120 
5 





Reference 29 is interesting partly because 
the Voronezh reactors (WWER) are quite dif- 
ferent in design from the pressurized-water 
reactors constructed in the United States. The 
reference discusses the changes between the 
first unit of the plant (WWER-1) and the sec- 
ond (WWER-2). A comparison of the two reac- 
tors is given in Table II-7. Both reactors em- 
ploy hexagonal fuel assemblies, but there is a 
difference in the number of fuel pins per as- 
sembly. The movable fuel assemblies of the 
“compensating” type are for slow changes in 
reactivity. These consist of a flux-trap type of 
control rod, hexagonal in shape, mounted on 
top of a movable fuel assembly very similar in 
design to the stationary assemblies. The safety 


States for a number of years. Other features of 
the WWER-2, notably the elimination of the 
cladding in the pressure vessel,” represent 
departures from practice in the United States. 
The reference concludes with a discussion of 
future improvements in the reactor type not 
specifically tied to the WWER plant. One of the 
most significant areas for improvement is the 
method of refueling. Although WWER-1 had not 
been reiueled at the time of the writing of Ref. 
29, the authors were aware that, in general, 
refueling operations “...require a lot of 
time... .” A number of possible solutions are 
discussed, and the most attractive one is a 
reactor design employing soluble poison since 
this application allows the removal of most, if 
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not all, of the control-rod-drive structure from 
above the core. The resulting reactor is shown 
in Fig. I-16. The “honeycomb” core design is 
not well explained in the reference, but the in- 
teresting application to refueling is the provi- 
sion for storage of fuel elements within the 
pressure vessel. The fuel-element handling 
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Fig. II-16 Reactor scheme with honeycomb core and 
with the change of liquid-absorber concentration in 
the channel system.?9 


would be done after the reactor had been shut 
down but not depressurized. The centrally 
located reloading machine would handle the fuel 
elements, taking new elements from their racks 
within the vessel and replacing spent elements. 
After the fuel movement into and out of the 
core had been accomplished, the reactor would 
be brought to power, and the spent elements 
would be transferred through a vessel lock. 
The latter step need not be done rapidly since 
reactor operation would not be affected. 
Several of the recommendations for advance- 
ment in the WWER technology are peculiar to 
the reactor as designed. In the WWER-1 the 
clearance between adjacent fuel bundles is only 
a few millimeters, and the requirement for the 
movement of the relatively large flux-trap con- 
trol rods to a position above the core appar- 
ently makes the design of the upper grid plate 
somewhat difficult. If the fuel assemblies are 
locked in place at their lower end, the lack of 
open space within the core makes it difficult to 
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get at the locking devices with fuel-handling 
tools. Accordingly, Ref. 29 suggests that the 
fuel elements be hydraulically locked in place 
by a piston located at the bottom of the bundle 
but connected to the space above the core. The 
control rods would be bottom driven to facili- 
tate refueling, and the reference illustrates a 
possible hydraulic-drive mechanism. The up- 
ward direction of the flow in the WWER reac- 
tor gives rise to what appear to be formidable 
hydraulics problems, other than the one of 
merely holding the fuel elements in place. The 
large fueled followers move against the coolant 
flow when they move in the direction of re- 
ducing reactivity, and they must be adequately 
cooled during any movement. Downflow is dis- 
cussed in Ref. 29, but the designers appear 
reluctant to take the step due to problems con- 
nected with flow reversal during main pump 
coastdown. 
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Status and Design 
Features 


The status of the various nuclear superheat 
projects in the United States has been covered 
in several previous issues of Power Reactor 
Technology. In particular, Vol. 7, No. 3, pre- 
sented the designs of the BONUS and Pathfinder 
integral boiling-superheating power reactors. 
Both these reactors are currently in the process 
of startup. Two experimental superheating re- 
actors, BORAX-V and EVESR, have had some 
operating experience. The present state of the 
art of the U. S. superheat program is sum- 
marized in Ref. 1. 

Table III-1 lists pertinent data for three in- 
tegral boiling-superheating plants. The EVESR 
(Fig. IlI-1) is a separate superheat reactor in 
that it superheats steam from an outside source 
rather than evaporating and superheating within 
the same vessel. At present the saturated steam 
is being supplied by a fossil-fired boiler. The 
fuel is of annular geometry, as shown in Fig. 
III-2. Steam flows down the annular flow passage 
to the bottom plenum of the element, reverses 
flow direction, and flows up the central hole. 
Other details of the reactor are given in Table 
III-2. 

Superheating reactors are being studied not 
only in the United States but also in Germany’ 
and the Soviet Union.* Reference 2 is adescrip- 
tion of a prototype integral superheat reactor 
that was scheduled to be started in Germany in 
late 1964. The plant is to be 100 Mw(t) and is 
to produce steam with a temperature of 500°C 
at a pressure of 60 ata. The plant site is at 
Kahl, and the prototype reactor will power an 
existing turbine-generator set. The reactor 
core is composed of 45 fuel assemblies, ar- 
ranged in a 7 by 7 lattice with the corners 
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missing (Fig. III-3). Each assembly is com- 
posed of 64 fuel elements of a hollow, annular 
design (Fig. IJI-4). The interesting coolant- 
flow path within the vessel starts with the 
liquid water undergoing heating and boiling 
on the exterior of the annular fuel elements, 
under natural-circulation flow. The saturated 
steam flows to the upper portion of the pres- 
sure vessel and enters the superheating pas- 
sages ot the center 25 fuel assemblies via 
appropriate piping. Each fuel assembly is two- 
pass in design, with steam flowing down the 
center hole of the outer 32 fuel elements and 
up the center hole of the remaining 32 elements. 
The partially superheated steam then flows to 
the outer 20 assemblies, shown shaded in Fig. 
III-3. The same two-pass flow within the as- 
semblies takes place, producing steam of the 
final desired temperature. The entire reactor 
is thus essentially a four-pass superheater. 


The combination boiling-superheating fuel 
element is an advanced concept and must be 
designed carefully with respect to thermal 
stresses. In the fuel element shown in Fig. 
IlI-4, a rather large temperature difference 
will exist between the walls in contact with the 
superheated steam and those in contact with the 
boiling water. In addition, the superheater wall 
temperature in the second-pass elements will 
be greater than the corresponding wall tem- 
perature in the first-pass elements. The latter 
problem is to be solved by bellows, and the 
other thermal stress is to be taken up by the 
use of proper material combinations to with- 
stand the stresses. Elements of this general 
type have been constructed and irradiated in 
the United States; this program was reviewed 
in the March 1963 issue of Power Reactor 
Technology, 6(2): 75-80. Superheat tests have 
also been run in the Kahl boiling-water reac- 
tor and are briefly reviewed in Ref. 2. The 
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Kahl facility apparently is an in-pile loop 
capable of testing fuel elements, but not neces- 
sarily elements of full length. In February 
1964, two fuel tubes were removed from the 
loop after a burnup of about 1150 Mwd/ton. 
These combination elements were clad with 
Inconel X and Hastelloy C, and both were 
“undamaged”; the maximum cladding tempera- 
ture reached was relatively low— about 770°F. 
These tubes were fabricated from UO, pellets 
of annular geometry, although vibratory com- 
paction is also being studied as a fabrication 
method. 

Details of the Russian superheating reactor 
are given in Ref. 3. This plant is currently 
being completed in the Ulyanovsk region of the 
Soviet Union and will be an extremely flexible 
test facility. Two cores are presently con- 
templated for the facility—-a small core (for 
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initial use) that will produce saturated steam 
at a pressure of 100 atm and a large core that 
will generate 90 atm of superheated steam at a 
temperature of about 500°C. The reactor as a 
whole is being designed to generate steam at 
pressures between 30 and 100 atm. Figure III-5 
shows the plant flow diagram. The turbine is 
designed to operate with saturated steam ata 
pressure of 29 atm, and the high-pressure 
steam separator shown in Fig. III-5 provides 
for throttling of the steam, which will be gen- 
erated at higher pressures. Superheated steam, 
when produced, can be delivered to a separate 
turbine or to a special cooler. The plant also 
provides for dual-cycle operation by the in- 
clusion of steam generators in which 30 atm of 
saturated steam can be generated. Data on the 
reactor are given in Table III-3. Figure III-6 
is a view of the reactor as arranged for super- 


BOILING-WATER REACTOR PLANTS WITH INTEGRAL SUPERHEAT DESIGN DATA! 











BONUS BORAX-V Pathfinder 
Site Puerto Rico NRTS, Idaho Sioux Falls, S. Dak. 
Owner* USAEC USAEC NSP 
Reactor designer* GNEC ANL A-C 
Operating contractor* PRWRA ANL NSP 
Electric power, Mw(e) gross 17.5 3.5 66 
Electric power, Mw(t) net 16.5 3.5 62.5 
Thermal output, Mw(t) 50 20 200 
Plant steam cycle Direct Direct Direct 
Position of superheater region Peripheral Central or peripheral Central 
Nominal operating pressure, psig 975 600 600 
Turbine throttle steam pressure, psig 850 350 (587 available) 535 
Saturated steam temp., °F 543 489 489 
Superheated steam temp., °F 900 850 825 
Thermal power to boiling, Mw 37 16.6 157 
Thermal power to superheating, Mw 13 3.4 43 
Gross cycle efficiency, % 35 33 
Net cycle efficiency, % 33 31 
Maximum superheat fuel-cladding 1175 1110 As 
temp., °F 
Boiling Superheater Boiling Superheater Boiling Superheater 
Effective outside core dia., ft 3.34 4.83 3.25 1.0 5.75 2.5 
Core height, ft 4.55 4.55 2.0 2.0 6.0 6.0 
Structural material (core) Zircaloy-2 S.S. 348 Al(X8001) S.S. Zircaloy-2 S.S. 
Fuel type Rod Rod Rod Plate Rod Double 
tubular 
Fuel material UO, UO, UO, UO,—S.S. UO, UO,-—S.S 
cermet cermet 
Fuel enrichment, % 2.40 3.25 4.95 93 22 93 
Cladding material Zircaloy-2 Inconel S.S. 304 S.S. 304L Zircaloy-2 S.S. 316L 


Control-rod shape Cruciform Slab Cruciform Cruciform Cruciform Round rod 
and"? . agg "SF 
Control-rod material 1.0 wt.% 1.0 wt.% Boral Boral 2 wt.% 2 wt.% 
B! in B” in boron in boron in 
S.S. S.S. S.S. S.S. 
No. of steam passes 4 2 1 
Average power density, kw(t)/liter 33.6 11.5 42.5 40.5 45.2 46.5 





*GNEC = General Nuclear Engineering Corporation. 
PRWRA = Puerto Rico Water Resources Authority. 
ANL = Argonne National Laboratory. 

NSP = Northern States Power. 
A-C = Allis-Chalmers. 
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Fig. II-2 EVESR fuel-element cross section. 


Table HI-2 DESIGN PARAMETERS OF THE 
EVESR REACTOR 





Type 


Power, Mwit) 

No. of fuel elements 
Process tubes/fuel element 
Cladding 


Maximum cladding-surface 
temp., °F 


Heterogeneous, light-water- 
moderated, thermal- 
neutron, steam-cooled 

12.5 (initial) 

32 

9 (3 by 3 array) 

Incoloy, Inconel, S.S. 304 
(commercial), S.S. 
304VM, S.S. 310VM 


1250 
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Fig. III-3 Schematic of the Kahl superheating 
reactor.” 
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heating, and Fig. III-7 shows the cross section 
of the “large” core. The reactor is controlled 
by 31 movable assemblies for reactivity com- 
pensation and 6 safety assemblies. These ap- 
pear to be similar in design and operation to 
those employed in the WWER, and their posi- 
tions are illustrated in Fig. III-7. The follower 
employed in the safety assemblies is a zirco- 
nium scatterer, however, and is not fueled. 


Table IlIl-3 CHARACTERISTICS OF THE RUSSIAN 
INTEGRAL SUPERHEATING REACTOR 





Pressure-vessel size 


Outside diameter, m 3.8 
Height, m 11.0 
Boiler fuel-assembly details 
Fuel UO, 
Cladding Zr alloy 
Cladding outside diameter, mm 10.2 
Cladding thickness, mm 0.6 
Fuel-element geometry Hexagonal 
Distance across flats, mm 176 
No. of fuel pins/assembly 127 
Fuel-pin pitch, mm 15.1 
Superheater fuel-assembly details 
Fuel UO, 
Cladding S.S. 
Cladding outside diameter, mm ~10.2 
Cladding thickness, mm 0.5 
Fuel-element geometry Hexagonal 
Distance across flats, mm 176 
No. of fuel pins/assembly 61 
Steam-flow-channel width, mm 1 


Insulating material Stagnant steam 





Large Small 
core core 
Power, Mwi(t) 250 150 
Core dimensions 
Diameter, m 2.6 1.8 
Height, m 2.0 2.0 
No. of fuel assemblies in the core 181 85 
Boiling zone 109 
Superheater zone 72 
UO, loading in the core, tons 19.3 11.4 
Boiling zone 14.6 
Superheater zone 4.7 
Water-to-uranium ratio 2.0 
Boiling zone 1.5 to 2.0 
Superheater zone 3.0 to 3.5 
Balance of reactivity, % Ress 
Temperature effect (to 309°C) 2.4 3.5 
Steam generation (for average 
steam fraction) 2.0 Up to 3.5 
Doppler effect 1.6 2.0 
Xenon and samarium poisoning 
(in equilibrium state) 4.2 4.7 
Fuel burnup 5.7 Seo 
Structural elements 1.0 2.9 


Total reactivity excess ina 
cold clean reactor 17.0 21.5 
Worth of control devices ina 
cold reactor, % Res including: 
Absorbers with mechanical 


drives 19.0 24.0 
Liquid poison 20.0 20.0 
Maximum fuel-element heat flux, 
kcal /(m?)(hr) 1.2 x 108 1.2 x 108 
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Fig. II-5 Principal flow diagram of the Ulyanovsk 
plant. 


The two-pass superheéu..1g fuel element is 
illustrated in Ref. 3, but the print is of poor 
quality, at least in the copy seen by this re- 
viewer. Figure III-8 approximates the fuel-pin 
design, however. The reactor is designed to 
utilize natural circulation. Construction ap- 
parently was well under way when downcomer 
entrainment was discovered to be a serious 
design consideration for boiling-water reactors, 
and according to Ref. 3 the downcomer entrain- 
ment will be 10 to 20%. 

Consideration of Fig. III-6 indicates that the 
high downcomer velocity comes about primarily 
because of the placement of the reactor chimney 
around the entire core. The BONUS reactor, 
which is similar in a number of respects to the 
Russian design, has the core cage around the 
boiling zone only, and the downcomer velocities 
are low in the zone of steam-water separation. 
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Fig. Ili-7 Fuel-assembly arrangement in the core 
of the Ulyanovsk superheating veactor.? 
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Fig. IlI-8 Cross section of superheater fuel element 
in the Ulyanovsk reactor. 


Directions of Future 
Developments 


Since no extensive operating experience has 
yet been gained with a pressure-vessel super- 
heating reactor, it is difficult to comment on 
the performance of the concept as a whole, 
much less to predict future trends. In the 
United States a very considerable effort has 
been committed to the development of the 
reactor type, and both integral and separate 
designs have been constructed. The attention 
of the reader is directed to the superheat 
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write-up in the Summer 1964 issue of Power 
Reactor Technology, 7(3): 310-312, for a dis- 
cussion of some of the pertinent problems 
pertaining to nuclear superheat with integral 
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Fig. II-9 Typical fuel-assembly cross section for 
pelletized fuel in the second core of the BONUS 
reactor.‘ 


VESSEL TYPE SUPERHEATING REACTORS 27 


reactors. With the exception of the nuclear 
coupling of the boiling-superheating portions 
of the core, the separate superheat concept 
exhibits qualitatively the same problems as 
the integral designs, although the steam-water 
separation problem may be somewhat different, 
and presumably more control can be exercised 
over the conditions of the steam fed to the 
superheating elements. 

The combination boiling-superheating fuel 
used by the German designers has been dis- 
cussed previously. A similar principle is being 
used for the second core of the BONUS reac- 
tor,’ and a typical fuel element is shown in 
Fig. I11-9. The figure shows a design utilizing 
pelletized fuel, but vibratory compaction is 
also being considered. 
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The existing reactor of the graphite-moderated 
superheating type is located at the Beloyarsk 
power station of the USSR. The reactor (called 
hereafter Bel-1) has been in operation since 
May 1964, generating electricity at reduced 
power. A second reactor of this type (called 
Bel-2) is currently being built at the same 
site. For the future outlook and the status of 
the graphite-moderated reactor to be under- 
stood, it is necessary to examine the early 
history of the Bel-1 plant. 

The basic design of the Bel-1 type fuel ele- 
ment was established with the First Atomic 
Power Station (FAPS).' The fuel element for 
the FAPS reactor is shown in Fig. IV-1. In 
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FAPS the coolant was pressurized water, al- 
though this same type of element was also 
operated under boiling conditions and was used 
in a test loop to superheat steam.’ The FAPS 
element was fueled with 5% enriched uranium 
alloy. The center tube was unfueled, and the 
uranium was canned as shown. All the tubes in 
the fuel channel were made of the Russian steel 
“1X18H9T,” which is similar to the AISI 321 
stainless steel.? Dimensions of the various 
tubes are given in Table IV-1. The tubular 


Table IV-1 DIMENSIONS OF THE FAPS 
FUEL-ELEMENT COMPONENTS 








Diameter, Thickness, 
Item mm mm 
Central tube 15 0.6 
Peripheral tube 9 0.4 
Outer cladding 14 0.2 





spirals at the upper end of the FAPS element 
allow for relative movement between the cen- 
tral tube and the assembly of peripheral tubes. 
This would be particularly important if the 
element were used for superheating since the 
central tube wall would run at a temperature 
somewhat above saturation and the peripheral 
tube would operate at a temperature approxi- 
mating the superheated-steam outlet tempera- 
ture. The peripheral tubes, the fuel, and the 
outer cladding can operate as a unit; i.e., when 
the peripheral tubes expand, the fuel and the 
outer tube can move relative to the graphite 
Surrounding the fuel tubes. 

The fuel element used in Bel-1 is similar 
to the FAPS design (Fig. IV-1) except that the 
temperature-compensating coils are located at 
the bottom of the element.‘»® Reference 4 is the 
Second Geneva Conference paper on the design 
of Bel-1, and Ref. 5 is the Third Geneva Con- 
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ference paper on the development of both Bel-1 
and Bel-2. In addition, the peripheral steam 
tube in Bel-1 was changed in size with respect 
to FAPS, so that it had a diameter of 9.4 mm 
and a thickness of 0.6 mm with an outer clad- 
ding diameter of 20 mm. The change in location 
of the expansion coils is not explained, and, in 
fact, they are placed back at the top of the ele- 
ment in the Bel-2 fuel-element design. The 
Bel-2 design will be discussed shortly. Instead 
of four peripherally located fuel elements, the 
Bel-1 fuel has six, all fed by a central tube. 
The same size and type of element is used for 
both boiling and superheating in Bel-1, but 
the materials may be different in the two 
applications. 





Fig. IV-2a The Bel-1 fuel element on display at the 
Russian Geneva exhibit. The photograph shows the 
lower end of a fuel element positioned over a process 
tube. The mockup shows adjacent process tubes, al- 
though for some reason they do not match, position- 
wise, the holes in the graphite logs. The light-colored 
blocks shown surrounding the assembly probably 
simulate the loadig face of the reactor, although in 
the actual plant they are positioned above the location 
shown in the photograph. 
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Fig. IV-2b The Bel-1 fuel element showing the 
upper portion of the compensating coils. The hori- 
zontal spacer shown is the same one located at the 
top of Fig. IV-2a. 


Figures IV-2a, IV-2b, and IV-3 are photo- 
graphs, taken by the reviewer, of the Bel-1 
fuel element on display at the Russian exhibit 
in Geneva. The compensating coils are shown 
in Fig. IV-20), and Fig. IV-3 is a cutaway of the 
fuel element in the uranium-bearing region. 
Figure IV-3 shows that the outer cladding is 
dimpled with circular indentations. Although 
the reasons for these indentations are not given 
in the references, it is presumed that they 
assist in giving axial support to the fuel and 
also act as bellows. There is a thermal-stress 
design problem arising from a difference in 
temperature between the inner and outer clad- 
ding tubes of the fuel annulus, which are welded 
together at their ends to contain fission gas. 
The inner cladding tube is steam cooled, where- 
as the outer cladding presumably is not. The 
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Fig. IV-3 The Bel-1 fuel element illustrating a cut- 
away view of the fueled vegion. Three peripheral 
superheating subelements are shown with the center 
one being sectioned to illustrate the fuel (dark, verli- 
cal portions) and internal cladding surface (shiny, 
vertical portion). The tubes at the left and right show 
circumferential indentations, probably for expansion. 


fuel is a dispersion of uranium-moly™enum 
alloy in a magnesium matrix. The evaporating- 
chan; characteristics for Bel-1 and FAPS 
are uc'ed in Table IV-2, and Table IV-3 lists 
the superheating-channel characteristics. 

An interesting feature of Bel-1 is that the 
steam to be superheated is not generated 
directly in the reactor but in a separate steam 
generator using the indirect-cycle principle. 
Details are shown in Fig. IV-4. 

The permanent structure of the reactor con- 
sists of a graphite stack that has a diameter of 
9.6 m and a height of 9.0 m. The basic building 
block is a 200- by 200-mm graphite log pene- 
trated by an axial hole. The core contains 730 
boiling assemblies, 268 superheating assem- 
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blies, 78 compensating control rods, 16 safety 
rods, 6 automatic control rods, 2 counting- 
chamber assemblies, 4 starting-chamber as- 
semblies, and 30 ionization-chamber assem- 
plies, for a total of 1134 core positions.‘ 
Coolant conditions are given in Table IV-4. 


Bel-1 achieved criticality in September 1963, 
and initial loadings were with boiler-only fuel 
both flooded and voided. A full core was loaded 
for critical experiments. This consisted of 500 
evaporating elements enriched to 2%, 230 evap- 
orating elements enriched to 1.5%, and 268 
superheating elements enriched to 1.5%. Ac- 
cording to Ref. 6, only 64 boron-steel com- 
pensating rods were used, however. A number 
of physics experiments were conducted with 
Bel-1, and these included power distributions, 
rod worths, power split, and void coefficients. 
The startup of the reactor had been simulated 
with the aid of FAPS,’ and the following method 
was approved for use: 


1. Filling the circuits with water and then heat- 
ing them .up to 180°C at 5—10% power level and 
establishing the level in the bubbler. 

2. The plant heating up to 230°C at 10-15% power 
level. 

3. Establishing the level in the evaporators and 
blowing through the superheating channels at 2—3% 
power level. 

4, Raising reactor power level to 20% and in- 
creasing secondary circuit pressure up to the 
nominal, 

5. Establishing the level in separators, i.e., 
bringing primary coolant to boiling. 

6. Feeding steam to the turbine and further 
power rising. 


To study this process with the Bel-1 reactor, 
the Russians removed all but two superheater 
elements and the startup procedure previously 
determined with FAPS was checked and found 
adequate. Voiding the superheating elements 
was found to take about 6 min and to proceed 
“smoothly.” A total of 192 superneating ele- 
ments were loaded, and the reactor was then 
brought to power to study voiding of this rela- 
tively large number. These results are indi- 
cated in Fig. IV-5. The “scavenging” operation 
mentioned in the figure apparently refers to the 
injection of a solution of hydrazine hydrate into 
the secondary circuit to control oxygen con- 
centration. On Apr. 26, 1964, steam was fed to 
the turbine, ‘xut, since less than the normal 
number of superheating elements were still 
being used (i92), the superheat temperature 
reached only 390°C (734°F), Future plans called 
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EVAPORA TING-CHANNEL CHARACTERISTICS® 





Bel-2 reactor 








FAPS Bel-1 Zone Zone Zone Zone Zone 
reactor reactor I II III IV V 

Channel power, kw 300 405 771 634 617 545 517 
Coolant flow rate through 

the channel, kg/hr 2500 2400 5500 4700 4150 3550 3250 
Steam void at channel 

outlet, % 33.6 27.6 29.3 30.5 32.1 34.2 
Pressure at channel 

inlet, atm 100 155 155 
Pressure at channel 

outlet, atm 98 150 145 
Coolant temperature at 

channel inlet, °C 200 300 300 
Coolant temperature at 

channel outlet, °C 290 335 338 
Maximum thermal load, 

keal/(m*)(hr) (x 1078) 1.8 0.5 0.8 0.7 0.6 0.5 0.5 
Circulation rate, m/sec 3.5 4.6 4.0 3.5 3.0 Sut 
Maximum temperature, °C 

Tube inner wall 324 355 365 

Fuel 382 400 415 
Ratio of burnout heat flux 

to maximum heat flux 2 1.85 1.9 1.9 2.0 1.95 





Table IV-3 


SUPERHEATING-CHANNEL CHARACTERISTICS5 











Bel-1 Bel-2 
reactor reactor 

Maximum channel power, kw 368 767 
Minimum channel power, kw 202 548 
Steam flow rate through maximum 

power channel, kg/hr 1900 3600 
Steam flow rate through minimum 

power channel, kg/hr 1040 2570 

Bel-2 downstream Bel-2 upstream 
fuel elements* fuel elements* 

Channel inlet pressure, atm 110 132 124 
Channel outlet pressure, atm 100 125 110 
Channel inlet steam temperature, °C 316 328 397 
Channel outlet steam temperature, °C 510 399 508 
Maximum thermal load, 

keal/(m*)(hr) (x 10) 0.48 0.83 0.68 
Maximum steam velocity, m/sec 57 76 112 
Maximum temperature, °C 

Tube inner wall 530 426 531 

Fuel 550 482 565 

Graphite 725 735 





*The terms “‘downstream’’ and ‘‘upstream 


upstream element is the second-pass element. 


for the addition of more superheat elements to 
increase the steam temperature to about 500°C. 

The future plans for the reactor type intro- 
duce the reader to the second Beloyarsk reac- 
tor, Bel-2. The graphite stack for this reactor 
is similar to Bel-1 with respect to size and 
number of channels, but the second reactor 
should produce 200 Mw(e). This factor of 2 in- 
crease in power is Startling at first considera- 


apparently should have been translated ‘‘downflow’’ 
and ‘‘upflow,’’ respectively. Obviously the downstream element is the first-pass element, and the 


tion, but its explanation is reasonably straight- 
forward. The coolant cycle has been changed 
from indirect boiling to direct boiling, as shown 
in Fig. IV-6. Two possible arrangements are 
being considered and are shown as parts 4 
and b in the figure. The difference between the 
two cycles is the presence (see part a of Fig. 
IV-6) of a bypass line that allows some of the 
feedwater to be injected into the steam sepa- 
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Fig.IV-4 Flow sheet of the first unit of the Beloyarsk Nuclear Power Station.® 


rator after it has passed through the regenera- 
tive heater designatedas the “steam-generator 
heater.” This is said to be used for “steam 
washing,” but its significance is not readily 
apparent. Besides the cycle change between 
Bel-1 and Bel-2, the elements of the latter are 
to be constructed with slightly larger coolant 
channels. These details are shown in Table 
IV-5. 

Probably the most significant change between 
the two reactors is the superheater fuel for 
Bel-2. Just how the UO, is to be used in the 
Bel-2 superheater elements is not clear; the 
single mention of UO, in Ref. 5 is an offhand 
one, as follows: 


Upstream superheating elements design and dioxide 
uranium-based fuel ensure steam superheating up 
to 500°C; this is confirmed by loop-tests on the 
first power plant reactor. 


On the basis of Table IV-3, we assume that the 
intent is to substitute UO, for the uranium- 
molybdenum alloy in the dispersion type ele- 
ment, for the maximum fuel temperature listed 
is far lower than that which would characterize 
a solid oxide fuel body. It is disappointing that 
the information on the details of the Beloyarsk 
elements is so limited, for it is this aspect of 
the reactor which is probably of greatest in- 
terest to designers outside the USSR. 

The mechanical design of the Bel-2 super- 
heater elements has also been changed from 
that of Bel-1. The central, unfueled tube feed- 
ing steam to the peripheral channels in the 
Bel-1 element has been removed and the ele- 


ment converted to two-pass design. These 
detaiis are shown in Fig. IV-7. As a result the 
steam velocity is greatly increased, from 57 to 
112 m/sec (Table IV-3), and the improved 
heat-transfer coefficient allows an increase in 
power. In place of the central tube, an absorber 
pin is included in the Bel-2 element. These 
absorbers, which probably are manually ma- 
nipulated, make possible a reduction of the 
radial power-peaking factor for the core to 1.3, 
compared to a value of 1.4 in Bel-1 (see Ref. 5). 
The evaporating elements for Bel-2 retain the 
center tube for coolant flow. The increase in 
power from the boiling portion of the core ap- 
pears to be the result of rather careful zoning 


Table IV-4 MAIN CHARACTERISTICS OF THE 
REACTOR COCLANT IN THE BELOYARSK 
NUCLEAR POWER STATION 





Characteristics 








Reactor thermal output, Mw 286 
Electrical output, Mw 100 
Ratio of superheating- to 
evaporating-channel output, % 30.0 
First Second 
circuit circuit 
Coolant flow rate, tons/hr 1200 405 
Coolant pressure, atm 
At reactor inlet 155 110 
At reactor outlet 150 95 
Before the turbine 150 90 
Coolant temperature, °C 
At reactor inlet 300 316 
At reactor outlet 340 510 
Before the turbine 340 500 
Average steam quality at channel 
outlet, wt.% 33.6 
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Fig. IV-5 Curves of changes in the main parameters of the pliant during transition to steam super- 
heating conditions .® 
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Fig. IV-6 Possible flow sheets for uranium-graphite tube type nuclear superheat reactors.* 
Table IV-5 COMPARISON OF BEL-1 AND BEL-2 ‘ Saace tor 
BOILING AND SUPERHEATING FUEL ELEMENTS Upstream P 
Fuel Element Absorber Pin 
Bel-1 Bel-2 
Boiler and superheater fuel- 
element peripheral-tube Cowanticnn 
diameter/thickness, mm 9.4/0.6 12/0.6 Fuel sao Fuel 
Fuel material 
Boiler element U-Mo-Mg U-Mo-Mg 
Superheater element U-Mo-Mg UO, Fig. IV-7 U-shaped superheating channel cross sec- 


tion.§ 
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of the reactor to match flow and power of the 
boiling assemblies. The results are indicated 
in Table IV-2. 

The step beyond Bel-2 is stated to be super- 
critical operation. The tube type Beloyarsk 
reactors are suited to this type of opera- 
tion because the pressure-bearing portions 
of the reactor are of small diameter. Even 
so, the cladding begins to get quite thick for 
supercritical-pressure operation, with atten- 
dant thermal-stress problems during tran- 
sients. It is estimated in Ref. 5 that the Bel-1 
and Bel-2 reactor size could be made to pro- 
duce 800 to 1000 Mw(e) if a supercritical, 
once-through design were possible. It is also 
suggested that an advanced reactor be operated 
with partially unclad fuel to remove fission gas 
and reduce the amount of steel in the core. 
This would be accomplished by removing the 
outer cladding tube, although relative move- 
ment of the coolant tube with respect to the 
graphite would have to be provided for. 
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The effort on heavy-water-moderated pressure- 
tube reactors throughout the world is indicated 
in Table V-1. The Canadian effort is by far the 
largest and the farthest advanced. The two 
Canadian power reactors, NPD and CANDU, are 
both cooled and moderated by D,O, are fueled 
with natural UO, clad with Zircaloy-2, and 
employ calandria tanks to contain the modera- 
tor. The calandria tubes of NPD are aluminum, 
whereas those of CANDU are nickel-free Zirca- 
loy-2. Design features of NPD are given in 
Ref. 1, and those of CANDU, in Refs. 2 and 3. 
Until the recent announcement! of a program 
directed toward the development of a 300- 
Mw(e) organic-cooled plant, there had been no 
definite plans for a large-scale heavy-water 
reactor in the United States. Nevertheless, the 
U. S. effort has been considerable and has re- 
sulted in the construction of a 17-Mw/(e) proto- 
type (the Carolinas-Virginia plant, CVTR), as 
well as a reactor that operates at comparable 
temperatures and thermal-power levels for 
plutonium-recycle development (the Plutonium 
Recycle Test Reactor) and a reactor for de- 
veloping fuel elements for D,O power reactors 
(the Heavy Water Components Test Reactor). 
All these reactors are cooled and moderated by 
heavy water. The Carolinas-Virginia reactor 
was described in Power Reactor Technology, 
6(4): 63-81; the most recent general review of 
heavy-water reactors was in 7(1): 85-98. 
Interest in heavy-water-moderated reactors 
is also high in other countries, but there is 
considerable diversity in the choice of coolant. 
The Steam Generating Heavy Water Reactor 
(SGHWR)* utilizes boiling light water, the 
DON reactor uses organic coolant,’’’ whereas 
EL-4 (Refs. 12 to 15) and the Lucens reac- 
tors'*"® are cooled with CO,. Of the reactors 
under study or development, the DOR, ’ the 
R-1 and R-2, (Ref. 21), and the U. S. project” 
are all designed to be organic cooled. The 


Pressure-Tube Reactors 


German reactor study involved gas cooling. * 
In addition to these power reactors, at least 
two test reactors are being constructed to 
study the problems arising from organic cool- 
ing. These are the Canadian WR-1, reviewed in 
the Summer 1964 issue of Power Reactor Tech- 
nology, 7(3): 324-327, and the ESSOR.™ 


Operating Experience 


Extensive operational experience has been 
reported”»*® for the NPD reactor. Reference 25 
contains information on reactor physics aspects 
of the startup. Various reactivity coefficients 
were determined, including the moderator-level 
coefficient of reactivity, reflector reactivity 
worths, and temperature coefficients of reac- 
tivity. The reactivity balances at two different 
points in the lifetime are shown in Table V-2. 

As is indicated in Table V-2, the sources of 
reactivity adjustment, other than fuel manage- 
ment, are quite limited, consisting only of 
changes in moderator level and moderator tem- 
perature. The normal NPD fueling operation 
consists of inserting a bundle in one end ofa 
pressure tube, thereby shifting all the bundles 
within the tube by one bundle length and expel- 
ling the last bundle. This bundle may then be 
either discharged or recycled ina channel fueled 
in the opposite direction. This operation was 
studied by means of a computer code simulating 
the reactor, STOKE, which calculated the burnup 
of all fuel bundles by increments, taking fuel 
shifts into account. The code was designed to 
select the best shift for the current state of the 
reactor, consistent with the particular refueling 
scheme being studied. The original NPD loading 
consisted of natural and depleted UO,. The fuel- 
management principle consisted of shifting fuel 
in the channel containing the bundle with the 
highest burnup and recycling an expelled bundle 
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if it contained natural uranium and had a burn- 
up less than a specified fraction of the burnup 
of the discharged fuel at equilibrium. The 
simulation of the NPD fueling, assuming re- 
cycle if the exit burnup was less than half the 
equilibrium burnup, resulted in the data shown 
in Fig. V-1. This figure predicts the number 
of fuel shifts and number of bundles discharged 
(and fed), assuming the NPD starts from its 
initial arrangement of partially depleted fuel. 
In practice, however, the NPD ran with de- 
pleted uranium fuel from its initial criticality 
in April 1962 to December. At that time the 
moderator and coolant became contaminated 
with light water, as will shortly be discussed, 
and the depleted fuel was removed to compensate 
for the resulting reactivity loss. 

The degrading of the D,O was caused by a 
major leak at the seal between the fueling 
machine and the pressure tube the first time 
on-power fueling was attempted. The spilled 
heavy water was downgraded from 99.7 to 
99.1% D,O and was contaminated by oil and 
grout. An upgrading program was initiated, and 
the purity was about 99.6% as of the writing 
of Ref. 26. The reference also states that loss 
and downgrading of the moderator have been 
negligible and that practically all D,O losses 
and downgrading have come from the heat- 
transport system. The following quotation sum- 
marizes the D,O loss experience on NPD:” 


(a) Low escape rates depend a great deal on quality 
of the original design and construction. 

(b) Quite high chronic escape rates are acceptable 
if recovery is efficient i.e. if the ‘‘dry-room 
principle’’ is followed. 

(c) At a large station, it is not economical to sac- 
rifice capacity factor in order to repair leaks. 
Consequently, if leaks are bad, recovery is es- 
sential. 

(d) There is no valid experience to show that escape 
rates can be held to extremely low values over 
long periods of time, without serious loss of ca- 
pacity factor. 

(e) With efficient recovery, loss rates are virtually 
independent of escape rates, and can be very 
low. 

(f) NPD experience has shown that use of vapour- 
recovery equipment is both feasible and sensi- 
ble. 

(g) With efficient recovery, the loss rate can be 
virtually unaffected by station size. 

(h) The ‘‘dry-room principle’’ not only is valuable 
for the everyday situation, but would have re- 
duced the cost of the acute escape on 3 Dec. 
1962 by an order of magnitude. 

(i) D,O losses can be maintained acceptably low in 
any station whose design is based on NPD ex- 
perience, and D,O escape rates can be signifi- 
cantly reduced. 
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Fuel and pressure-tube performance have 
been good. Other than the major failure that 
occurred during the first refueling attempt — 
the refueling machines have been subsequently 
modified to prevent a future occurrence —the 
fueling-machine experience has been “highly 
successful. ” 


Significant Features 


Fuel and Cladding Materials 


In support of NPD, CANDU, and various 
heavy-water-moderated power-reactor studies, 
the Canadians presented several important 
papers on the behavior of fuel and cladding 
materials.?"-*° Some of the details pertain 
explicitly to NPD and CANDU type reactors, 
but others are of general interest to reactor 
designers. A rather interesting conclusion”’ 
was that high UO, density may not be an im- 
portant goal for operating fuel elements, since 
low-density material (less than 10.3 g/cm’) 
provides for the retrapping of escaped fission 
gas. The elimination of the need for a plenum 
or other space within a fuel element to ac- 
commodate fission gases may be an important 
design consideration for certain fuel elements — 
particularly for the typical short Canadian 
elements, since plenums at the ends of the 
elements tend to cause power peaks in the fuel 
adjacent to the plenums. Reference 28 details 
the performance of the NPD and CANDU fuel 
elements and contains some interesting cost 
data. On the basis of production experience 
with the NPD and CANDU fuel elements, it is 
estimated” that the average cost of fuel for a 
1000-Mw(e) CANDU type reactor would be 
$50 per kilogram of uranium +10%. This re- 
sults in a fuel cost of about 0.8 mill/kw-hr 
if the fuel is discarded without reprocessing. 

Reference 30 discusses in-pile results for 
test fuel elements cooled by organics. Test 
elements were manufactured with sintered- 
aluminum-product (SAP) cladding containing 7 
and 10% oxide (SAP 930 and 895, respectively) 
and a material apparently from another producer 
also containing 7% oxide, M 257 or M 583. The 
rods were designed to be freestanding under 
coolant pressure (300 psi) and with sufficient 
diametral fuel-jacket clearance to theoretically 
produce no diametral sheath strain at operating 
conditions. This was done because of the in- 
ability of SAP to deform plastically. The results 
of the irradiations are given in Table V-3. 
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Although the causes of the stress cracks (tests 
714-I and 714-II) were unknown, the reference 
notes that sheath strain probably did exist, due 
to migration of cracks within the fuel until the 
diametral clearance was eventually transferred 
to a central void. Evidence of a reaction be- 
tween UO, and SAP was observed, and this was 
also noted in Ref. 31. The good performance 
of the zirconium-niobium clad UO, illustrated 
in Table V-3, shows promise for the material, 
but further experiments were planned to test 
the hydriding behavior. 
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the exception of that shown for EL-3. Soluble 
poisons dissolved in the D,O were studied, 
namely boric acid and the sulfates of cadmium, 
lithium, and gadolinium. Although the concept 
appeared feasible, the use of a so-called “gas- 
eous” control rod, composed of “He, is dis- 
cussed for application to EL-4. 

Canadian experience with the decomposition 
of D,O in various reactors is summarized in 
Table V-5. The NRU and NPD results shown in 
the table illustrate that increasing acidity and 
temperature both decrease the equilibrium con- 








Table V-4 COMPOSITION OF MAGNESIUM-BASED ALLOYS SUITABLE FOR CLADDING OF 
GAS-COOLED REACTORS 
Type of _ : Composition of alloys, wt.% (balance Mg) 
alloy Be Si Al Th Fe Mn Ni Cu MgO Ca Zr 

PMB From 0.5 0.01 0.04 0.001 0.005 0.2 
to 32 

MB-3 0.04 0.5 0.01 0.001 0.001 0.005 

MB-4 0.08 to 0.7 0.01 0.001 0.001 0.005 
0.15 

Mg-Al-Be 0.04 0.5 0.01 0.001 0.001 0.005 

Mg-Th-Be 0.04 3 0.01 0.001 0.001 0.005 

Mg-Ca-Zr-Be 0.04 0.01 0.001 0.001 0.005 0.5 0.5 





References 32 through 34 are concerned 
with metallurgical problems of other cladding 
materials. The FeAl40, which is an iron- 
aluminum alloy containing 40 at.% aluminum, 
is a possible cladding for EL-4, the French 
gas-cooled reactor. The material offers pos- 
sibilities as a substitute for beryllium, although 
it apparently has low ductility.°” The reference 
gives mechanical-property data and discusses 
welding and corrosion resistance. The magne- 
sium-beryllium alloy described in Ref. 33 
probably is the alloy mentioned for the Russian 
organic-cooled reactor R-1 (Ref. 21), although 
in Ref. 33 it is presented as a possible cladding 
for a gas-cooled reactor. Several alloys were 
considered (Table V-4), in composition ranges 
Similar to the British Magnox alloys. 


Water Chemistry—Experience with DO 


A key consideration in the heavy-water- 
moderated reactor is the technology of the 
moderator itself, and three papers were devoted 
to this subject.” Figure V-2 summarizes 
French experience with a number of low- 
temperature D,O-moderated reactors with re- 
spect to moderator degradation. The figure 
apparently pertains to the situation in which 
no on-stream upgrading was attempted, with 


centrations of dissolved radiolytic gas. The 
problem of maintaining a nonexplosive atmo- 
sphere in spaces adjacent to the moderator 
water is not a trivial one and must be con- 
sidered during reactor design. The NPD reac- 
tor moderator chemistry is also complicated 
by irradiation-formation of nitric acid from 
nitrogen introduced in air leakage. 


Canadian experience in upgrading D,O is 
contained in Ref. 37. The various Canadian 
reactors contain about 200 metric tons of D,O 
altogether, and a number of incidents over the 
years have resulted in the reprocessing of 
many metric tons of degraded D,O. The various 
methods discussed include electrolysis and 
distillation; distillation is the favored method 
for on-stream upgrading of reactor moderator 
because of its flexibility. A significant hazard 
in handling irradiated heavy water is tritium, 
‘the product of neutron capture by deuterium. 
In the NPD reactor the tritium concentration 
has reached 1.7 curies/liter and is expected to 
reach at least 10 curies/liter within a few 
years. Although the problem can be controlled 
by design and administrative procedures, it is 
one which is peculiar to the reactor type. A 
review of the economics of heavy-water produc- 
tion in the United States is given in Ref. 38. 
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Fig. V-2 Evolution of the isotope content of heavy water in the C.E.A. reactors. 
Table V-5 RADIOLYTIC DECOMPOSITION OF HEAVY-WATER MODERATORS*® 
D, content of D,O Total gas to oo eee 
Moderator in core, recombiner, Liters of D, (STP)/ Grams of D,O/ 
Reactor temp., °C pD* em?/kg liters (STP)/min min Mw-hrf 
NRX 45 ~7 1.6 370 0.15 0.2 
NRU 
1960-61 50 ~7 5 230 6 1.6 
1962-63 50 ~7 2 230 3 0.8 
1963 50 5.7 1 200 1.6 0.4 
NPD 80 ~6 1.2 280 8.5 §.1 
40 5.5 3.3 700 27 16 





*In NRX and NRU PD of 7 corresponds to a conductivity of 0.2 megohm/cm (25°C); acidic conditions were due to 
DNO, added to NRU for a two-month experiment and formed in NPD from air in the helium. 
+Megawatt-hours of total reactor thermal power; average power densities are 2.6, 5.0, and 1.7 watts/g for NRX, 


NRU, and NPD, respectively. 


Pressure Tubes 


Most of the reactors listed in Table V-1 
utilize Zircaloy-2 as the pressure-tube ma- 
terial. Two papers were presented dealing with 
Zircaloy-2 as applied to pressure-tube con- 
struction?*»*° and two papers were concerned 
with the zirconium-niobium alloy. *!+4? 


The pressure tubes in NPD are seamless 
Zircaloy-2 tubing, fabricated by hot extrusion 
and cold drawing.*® Dimensional gauging and 
borescope examinations were performed on one 
of the tubes after a year’s service in the reac- 


tor, and no significant changes were noted. 
The NPD design stress was chosen as 9.5 
kg/mm? at 280°C, whereas the CANDU design 
stress was selected as 11.2 kg/mm’ at 300°C. 
Tensile tests on portions of the NPD pressure- 
tube materials have given the results shown in 
Table V-6. In the reactor, however, the tubes 
are biaxially stressed by the combination of 
transverse and longitudinal loads produced by 
the pressurized coolant, with the result that 
the burst strength of the tube is considerably 
higher than would be predicted from simple 
tensile-test data; this is an important design 
consideration. 
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Table V-6 TENSILE-TEST RESULTS—NPD PRESSURE- 
TUBE MATERIAL®® 


(Temperature = 280°C) 





Longitudinal Transverse 





properties properties 
Ultimate strength, kg/mm? 37.3 35 
0.2% yield strength, kg/mm? 31.6 33 
Elongation, % 22.5 21 
Reduction in area, % 45 60 





The effects of hydrogen pickup by Zircaloy 
are complicated; they are also important, since 
the operating lifetime of a pressure tube is 
expected to be determined by the amount of 
hydrogen pickup experienced during corrosion, 
Hydrogen concentrations up to 250 ppm had 
little effect on mechanical properties of ir- 
radiated and unirradiated Zircaloy-2 so long 
as the hydrides were randomly arranged. These 
data are shown in Table V-7. It was established 
that prior strain, fabrication history, andstress 
were important in determining hydride orienta- 
tion:* 


... It was found that hydrides precipitated while 
Zircaloy was under stress, aligned themselves 
perpendicular to tensile stresses and parallel to 
compressive stresses and that directional hydrides 
significantly decreased the mechanical properties 
of Zircaloy-2 ... 


The use of zirconium-niobium alloys as 
pressure tubes is receiving study in both 
Canada‘! and the United Kingdom.'® The ad- 
vantage of the niobium alloy is in increased 
strength; properly heat-treated zirconium-—2.5 
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wt.% niobium attains a strength about 50% 
higher than Zircaloy-2. These data are il- 
lustrated in Fig. V-3. The corrosion and hy- 
driding resistance of zirconium-niobium al- 
loys and Zircaloy-2 are similar, as indicated 
in Fig. V-4, although the impact strength of 
the niobium-bearing alloy is higher than that 
of Zircaloy-2. It appears that the zirconium- 
niobium alloy may become the preferred ma- 
terial for pressure tubes in cases where zir- 
conium-base alloys are applicable. 


The ternary alloy zirconium—2.5 wt.% nio- 
bium—0.5 wt.% curium is being developed 
because of its good corrosion resistance in 
moist CO, and is used in CANDU as a pressure- 
tube spacer. This spacer maintains clearance 
between the pressure tube and the calandria, 
and in CANDU this space is filled with the 
moist CO,. 
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Table V-7 EFFECT OF NEUTRON IRRADIATION AND HYDROGEN CONCENTRATION ON 
THE PROPERTIES OF ZIRCALOY-2 (REF. 39) 
(Each Result Is An Average for Three Specimens) 
Ultimate 
% i El i 
Hydrogen 0.2% proof stress tensile strength ongation 
Testing content, Unirradiated, Irradiated, Unirradiated, Irradiated, Unirradiated, Irradiated, 
temperature ppm kg/mm? kg/mm? kg/mm? kg/mm? % % 

Room temperature 0 56.6 77.3 66.1 78.7 12.4 5.3 
20 62.0 85.8 70.0 85.8 18.5 6.8 

100 61.8 83.4 70.3 83.7 15.2 7.3 

250 60.5 84.4 70.7 84.4 14.1 6.2 

300°C 0 29.7 45.0 33.5 45.0 12.8 5.8 
20 30.1 47.1 33.1 47.1 17.9 7.4 

100 29.7 45.7 33.60 45.7 21.8 8.5 

250 32.2 46.4 36.34 46.4 19.0 8.8 

400°C 0 27.5 37.3 29.0 37.3 11.1 6.8 
20 26.5 37.3 28.1 37.3 8.7 10.5 

100 25.9 36.6 27.5 36.6 18.0 9.9 

250 27.2 36.6 28.4 36.6 17.4 10.7 
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reactor; results are quoted as follows:*? 


The performance of fuel elements cooled with 


a steam-water mixture is discussed in Ref. 43. ... corrosion and hydrogen pick-up rates in both 
E 5 wn lal i ei ‘le 1 Zircaloy-2 and Zr— 24% Nb fuel sheaths are ac- 
ee ee eee pe ae ee ee ceptably low when cooled by fog at the conditions of 
in the NRX reactor and also in an ex-pile loop, interest for fog-cooled or once-through reactors 
termed FLARE. The in-pile tests were done for periods up to 1600 h, provided the sheath sur- 
primarily to provide corrosion and hydriding ORE SOO 5x 

data for Zircaloy-2 and zirconium—2.5 wt.% Operation of FLARE yielded interesting data 


niobium clad fuel elements operating under on the “dry-out’” heat flux. Dry-out is the 
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are noted (incipient dry-out). The power is then 
adjusted to allow a small temperature oscillation 
(~5 deg C) and a set of readings taken. At the end 
of this period a slight increase in the test-element 
power (~2%) resulted in a sharp increase in sur- 
face temperature (~100 deg C)—the dry-out point. 
Continued operation here gave very large tempera- 
ture oscillations, despite no recorded changes in 
the steady-state value of the heat flux, quality or 
flow. It would appear that thereis an alternate wet- 
ting and drying out of the surface. A further in- 
crease in power (~7%) gives a further rise in sur- 
face temperature (up to 512°C). However, in this 
case there are no oscillations and the surface now 
appears to be ‘‘dry.’ 


Figure V-7 illustrates the effect of the unheated 
fairing length, L; (see Fig. V-5), on @ dry-out- 


References 44 through 48 pertain to or- 
ganic-coolant technology and originated in a 
number of different countries. Reference 44 is 
particularly interesting in that it traces the 
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designation of the phenomena that result after 
the complete evaporation of the protective water 
film on the heat-transfer surface.‘® Figure V-5 
illustrates the test section used in FLARE. 
Determination of the dry-out heat flux was 
made for a variety of conditions, and Fig. V-6 
illustrates typical wall temperatures for one of 
the tests. This test was described as follows: 


. At the start the test-element power (and heat 
flux) is being increased until indications of dry-out 


evolution in thinking on the use of zirconium 
alloys in organic-cooled systems. In the late 
1950’s, preliminary experience had indicated 
that zirconium alloys were unacceptable for use 
in organic-cooled reactors due to hydriding. 
This led to increased study of sintered alu- 
minum (SAP), and the work with zirconium was 
deemphasized. More recent information, how- 
ever, has indicated that zirconium alloys may 
be usable in organic systems provided the 
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coolant impurities are carefully controlled. 
According to the reference: 


The work to date in Canada has shown very 
clearly that the control of coolant purity is abso- 
lutely essential for an organic-cooled reactor. It 
has been shown further that coolant purity must 
never be allowed to get out of control since other- 
wise the subsequent clean-up will be long and dif- 
ficult. Several years of operating in-reactor and 
out-reactor loops has proved that the control of 
coolant purity is no more difficult than in a water- 
cooled reactor. Provided the proper conditions are 
observed fouling will not be a problem, at least up 
to surface temperatures of 500°C, and zirconium 
alloys such as Zr—2,5% Nb show real promise for 
fuel sheathing and pressure tubes, 


The important variables seem to be water, 
hydrogen, and chlorine. Water dissolved in the 
organic seems to have a beneficial effect in 
reducing hydriding in certain concentration 
ranges, aS may be seen in Table V-8. Increased 
hydrogen concentrations increase the rate of 
hydriding at water concentrations less than 
40 ppm, but, at “higher” water concentrations, 
the effect of hydrogen is said to be negligible.“ 
Chlorine is thought to be the most important 


Table V-8 
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promoter of zirconium hydriding, and Table 
V-9 illustrates the effect. Surface preparation 
has been shown to be important, and the effect 
of temperature appears minor in the tempera- 
ture range 365 to 425°C. 


Table V-9 EFFECT OF CHLORINE ON HYDRIDING 
OF ZIRCALOY-2 (REF. 44) 








No 50 ppm C,HCl, 
chlorine added 
added initially 

Temp., °C 375 370 
Chloride in coolant at 370°C, ppm 

At start 0.8 8.2 

At end (after 67 hr) 0.5 16 
Hydrogen absorbed, ug/(cm*)(hr) 

Pickled surface 0.39 9.4 

Oxidized surface 0.01 2.1 





The same importance of coolant purification 
was noted in the French studies.“® These ex- 
perimenters studied the effect of various im- 
purities on fouling in terphenyl mixtures. A 
heated, stainless-steel test section was utilized, 
but portions of the loop were fabricated of mild 
steel. The study was directed toward the elimi- 
nation, or control, of fouling and concluded that 
fouling could be avoided if the terphenyl used 
contained “few impurities and no oxygen.’*® 
Heat-transfer coefficients were determined dur- 
ing some of the experiments, and a correlation 
is given in the reference. At wall temperatures 
in excess of 500°C, a decrease in the heat- 
transfer coefficient was observed, and this was 
attributed to localized pyrolysis of the coolant 
at the surface. 

References 47 and 48 discuss burnout heat 
fluxes for organic coolants. The former is on 
terphenyl mixtures, terphenyl-benzene, and 
terphenyl-diphenyl mixtures, whereas the latter 
is on a biphenyl-diphenyl methane eutectic, a 
biphenyl-diphenylozid mixture, and Dowtherm A. 


EFFECT OF WATER ON HYDRIDING IN AUTOCLAVES“ 


(400°C; Dissolved Hy, 100 ml/kg) 





Water content 


Hydriding rate, ug/(cm?)(hr) 








: Zircaloy-2 Ni-free Zircaloy-2 Zr—2.5% Nb 
of organic, oe eee : : - - : Sib AAS er 
ppm As pickled Preoxidized As pickled Preoxidized As pickled Preoxidized 
40 0.5 0.032 0.5 0.010 1.0 0.12 
+0.007 +0.005 +0.012 
40 to 60 0.4 0.011 0.280 0.001 0.001 
+0.1 +0.002 +0.020 +0,001 +0.001 
60 to 1000 0.045 0.010 0.025 0.002 0.025 0.001 
+0.02 +0.01 +0.015 +0.002 +0.005 +0.001 
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Both referencs employ correlations of the form 
dpo = 4+ bG° +d ATG* for their results, where 
ogo is the burnout heat flux, G is the mass flow 
rate, and AT is the subcooling. The remaining 
symbols are constants for a particular fluid. 


Directions of Future 
Developments 


The direction of development of the heavy- 
water-moderated power-reactor program in 
Canada is covered in Refs. 49 to 51. The near- 
future plans envision the construction of a 
1000-Mw(e) station composed of two 500-Mw(e) 
plants of the CANDU type. This reactor would 
evolve from CANDU by means of the following 
improvements:” 

—Use of cold-worked zirconium—2'/,% nio- 
bium pressure tubes 

—Increase of outlet temperature from 294 to 
301.7°C 

—Increase of fuel rating from a conductivity 
integral of 40 to 48 watts/cm 


Other changes involve an increase in the pres- 
sure-tube diameter, a corresponding decrease 
in the number of pressure tubes, and, possibly, 
venting the containment pressure-relief system 
to a separate gas holder and heat absorber. 
Interestingly, the large reactor will be con- 
trolled by absorbers composed of liquid or gas 
arranged in vertical through tubes distributed 
throughout the reactor core, and by soluble 
poison dissolved in tne moderator. The vertical 
through tubes will be subdivided into a number 
of separate chambers for flexibility. It thus 
appears that moderator-level control will not 
be used for the large reactors, probably for 
the reasons discussed in Sec. VIII of Power 
Reactor Technology, 1(3). 

The longer term direction of the Canadian 
program is summarized as follows:*! 


For the water-cooled line itself, the following 
evolution appears reasonable: 


Step 1— (Present Stage)—- Pressurized D,O with 
CANDU Type UO, Fuel Bundles Operating 
at a Rating of {/kd@ = 40 W/cm. 

For the same reactor, a cheaper fuel can 
be developed by using larger fuel elements 
operating at [kd = 48 W/cm. 


Step 2— Boiling D,O— Indirect Cycle— UO, Fuel. 
From 10% to 20% outlet quality, little 
change is expected in fuel geometry. From 
15% to 30% quality, fuel and/or pressure 
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tube geometry may have to change to keep 
coolant distribution optimum. 


Step 3— Boiling H,O—Direct Cycle— UO, Fuel. 
When outlet qualities between 20% and 30% 
are shown to be practical, this reactor will 
be a strong contender. 


Elsewhere, as in Canada, the key question in 
the future development of the heavy-water 
pressure-tube reactor is which coolant to use. 
Although the D,O-cooled version of the reactor 
has been developed in Canada, its disadvantages 
with respect to steam-temperature limits, D,O 
leakage, and D,O inventory considerations are 
appreciated there, as is attested by the Canadian 
work on the H,O-cooled and organic-cooled 
versions. Considering the work throughout the 
world, one concludes that the three alternate 
coolants, gas (CO,), organic liquids, and H,O 
in some form, will receive serious develop- 
mental tryouts. Of the coolant systems that 
have been considered seriously in the past, 
only sodium and direct-cycle boiling D,O appear 
to have been eliminated. 
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General Status 


The heavy-water-moderated pressure-vessel 
reactors have had their most extensive devel- 
opment in Sweden, where the Agesta reactor was 
built, and in Norway, where the Halden Boiling 
Heavy Water Reactor (HBWR) is located. The 
Agesta Nuclear Power Plant (R3/Adam) was 
started in 1958, completed in 1962, and reached 
full power in March 1964. The HBWR has been 
operating since 1959. Further characteristics 
of both of these reactors are givenin Table VI-1. 


Heavy-water systems and fuel-handling equip- 
ment for the Agesta reactor are discussed in 
Refs. 1 and 2. Many of the details exemplify 
straightforward engineering practice, although 
some are peculiar to the reactor type. Among 
the latter is the careful preservation of cleanli- 
ness of the primary system: 


Before the final assembly of the components at 
the production workshops, a very comprehensive 
and stringent cleaning ... was carried out, for the 
most part in specially arranged clean rooms where 
the personnel worked under special clean condi- 
tions. Cleaning was mostly effected by washing... 
in alkaline water and by washing or wiping with 
acetone. 

Pipes and components of carbon-steel were also 
used, to a limited extent in the heavy-water sys- 
tems. After cleaning, these parts were rust- 
protected by a final rinsing in a bath of VPI dis- 
solved in methanol. 

After the final assembly, pipe connections and 
other access openings were carefully sealed with, 
for example, plastic covers. Large carbon-steel 
tanks were not rust-protected by means of VPI but 


kept filled with a controlled over-pressure of dry 

nitrogen. 

A number of basic designs for components in 
the Agesta heavy-water system are shown in 
Fig. VI-1. The centrifugal pumps were all 
canned pumps, whereas the D,O piston type, 
feedback pumps were constructed with double 
seals around the piston shaft with provision for 
intermediate drainage. The latter principle, of 
double seals with D,O recovery through leak-off 
pipes, is used generally for the nonhermetic 
closures. 

A unique design feature of the Agesta fuel- 
handling equipment is the provision for transfer 
of fuel elements from the reactor D,O to the 
storage pool, which contains H,O. Under normal 
operation the transferred fuel element is gas 
cooled after its removal from the reactor and 
prior to its placement in the storage pool. Clean 
nitrogen is used as a coolant, and the evaporated 
D,O is condensed by means of a Freon refriger- 
ation system. In the event of failure of the gas 
cooling system, a backup spray of either D,Oor 
H,O is provided. This spray system also pro- 
vides cooling when the gas system is not being 
utilized. A simplified scheme of the cooling and 
drying circuit is shown in Fig. VI-2. 

The second Swedish heavy-water reactor, the 
Marviken® plant, is also of the pressure-vessel 
type but is cooled by boiling D,O in natural cir- 
culation. The plant is now under construction 
near Stockholm and should be operational in 
1968. Details of the design are given in Table 
VI-2. The flow path of the prima:'y coolant, 


Table VI-1 CHARACTERISTICS OF THE AGESTA AND THE HBWR 








Coolant Fuel/cladding 
Reactor Power Coolant pressure, psi (first core) 
Agesta 10 Mw(e); 55 Mw, Pressurized D,O 500 UO,/Zircaloy-2 


space heating 
HBWR 10 Mw, process steam 


Boiling D,O 


400 Uranium/aluminum 
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Table VI-2 DESIGN DATA FOR THE MARVIKEN BHWR! 





Leok-off 
Pipe 


Stuffing 
Box 


Bellows 
Seal 


Leak-off 
Pipe 


Gaskets 


Leak-off Pipe 


B,Globe Valve with Bellows Seal 
C,Stem with Double Gaskets and Leak-off Pipe 


D,Flange Connection with Double Gaskets and 


Leok-off Pipe. 
E,Heat Exchanger Do0/ H90 


Fig. VI-1 
heavy-watery system. 


Reactor type 


General 
Cycle 
Circulation 
Superheating 


Fuel 
Fuel changing 


Data 


Net electrical output, Mw(e) 
Net thermal efficiency, % 
Mean moderator temperature, °C 
Core volume 

Unreflected, m? 

Reflected, m? 
Inner diameter of pressure vessel, m 
Design pressure, bar 
Working pressure, bar 
Pressure-vessel steel 


Wall thickness (excluding S.S, lining), mm 
Outlet steam temp., °C 

Average enrichment, % 

Average burnup, Mwd/ton of U 


Fuel for boiling channels 


Su 


No. of channels 

No, of rods per cluster 
Rod diameter (UO,), mm 
Can material 

Can thickness, mm 


perheater elements* (2nd charge) 

No. of channels 

No. of rods per cluster 

Rod diameter (UO,), mm 

Currently assumed can material 
Currently assumed wall thickness, mm 
Approx. fin height, mm 

Max, surface temp. (hot spot), °C 


BHWR 

Direct 

Natural 

Internal, 
when 
provided 

UO, 

Onload, 
continuous 


200 
34.0 
163 


64,1 

94.6 

5.22 

57.5 

49.5 

Low alloy 
(A-302B) 

76 

470 

~1.35 

13,000 


147 

31 

12.5 
Zircaloy-2 
0.55 


32 
48 

~11.5 

20 Cr—35 Ni 
0.4—0.25f 
0.1 

524 





Basic designs for components inthe Agesta 


*Current assumption. 
j Future changes. 
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which is quite unusual, is shown in Fig. VI-3. 

Water from the feedwater heaters is pumped ee 

into the moderator space at a temperature of Riamniatos 
about 250°F. The core is constructed of 179 JX Sereen 





Zircaloy-2 shroud tubes hydraulically isolating 
the moderator region of the core from the fuel 
elements. The moderator water therefore flows 
to the top of the moderator space and exits at a 
temperature of about 430°F. At the top of the 
core, the moderator mixes with the liquid por- 
tion of the two-phase mixture that cools the fuel 
elements, and the resulting coolant flows to the 
downcomer and thence to the fuel elements. The 
initial operation of Marviken will be with satu- 
rated steam.® Thirty-two of the shroud tubes 
will be left empty to serve as flow channels for 
the saturated steam; the remainder will contain 
fuel elements. The turbine contains an inlet 
blading system suitable for saturated-steam 
operation and interstage moisture separation, 
but the inlet blading can be modified for opera- 
tion with superheated steam. When operating on Fig. VI-3 Flow schematic for the Marviken reactor.4 
the saturated-steam cycle, Marviken generates 
140 Mw(e). The rated power of 200 Mw(e) is at- 
tained only through incorporating superheating = 
fuel elements in the 32 empty shroud tubes. 
Operation with the relatively cool moderator int 
is done to improve burnup for a given enrich- 
ment.?® High-pressure tests in a mockup of the 
reactor was 0.5% for steam carry-under and 
negligible carry-over of water. Figure VI-4 a om 
shows an overall arrangement of the reactor 
plant. The containment is based on the pressure- 
suppression principle. 
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Fig. VI-4 Schematic of the Marviken reactor. 





50 POWER REACTOR TECHNOLOGY 


Operating Experience 


Vol. 8, No. 1 


Table VI-3 SUMMARY OF HBWR FLANGE 
AND SEAL STATISTICS 





m ating experi partly of a pre- No, of 8-in, flanges 10 

: ™ ec 6 jai ge .*” P No. of smaller flanges 50 

liminary nature, has been reported for the No. of reactor-lid mechanical seals 335 
Agesta reactor.®’® Reference 6 was issued in Integrated ‘‘gasket-length’’ high-pressure 

system, m 100 


May 1964, and the turbine was commissioned in 
late April 1964. Space heating occurred a month 
earlier in the town of Farsta. Only one shutdown 
at power had been experienced, and this was due 
to a disturbance in the instrumentation power- 
supply system. The primary circuit was rinsed 
with light water prior to filling with D,O. The 
light water was then drained, and the system 
was vacuum dried after a nitrogen flush. Asec- 
ond vacuum drying resulted in a pressure de- 
crease to 1.2 mm Hg, and at that point nitrogen 
was admitted to the system followed by a few 
liters of D,O. The vapor-nitrogen mixture was 
circulated through the system with the fans in 
the blanket-gas drying circuit, and the liquid 
was then condensed. Analyses of the condensate 
indicated that only a few hundred grams of H,O 
were present in the system. The system was 
then filled with D,O. The plant has not been in 
operation long enough to produce a significant 
tritium content in the heavy water. 

The Halden reactor operated from June 1959 
to April 1961 on its first core. Modifications 
were made to the plant during the refueling 





shutdown, and the second core was loaded in 
March 1962. The second core utilizes 100 fuel 
assemblies with UO, as fuel and Zircaloy-2 as 
cladding. Each assembly consists of seven fueled 
pins having a length of 1600 mm (5.25 ft). Al- 
though the HBWR is not a power reactor in the 
usual sense, it does operate at high pressure 
and temperature, and much of the operating ex- 
perience is pertinent to power-reactor opera- 
tion. For example, Ref. 7 contains much in- 
formation on ]*ss and degradation of D,O. 


The HBWR .low diagram is shown in Fig. 
VI-5. The system contains a number of flanges 
and seals that are not backed up with seal weld- 
ing or leakage collection, and these are sum- 
marized in Table VI-3. The D,O leakage was 
studied by various means, but the most useful 
method was found to be monitoring of the out- 
going air for tritium. The tritium content of the 
reactor heavy water was known. The leakage 
rate could be calculated by measuring the ven- 
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The HBWR simplified flow sheet and 20-Mw operating data.’ 
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tilation air flow rate and absolute humidity. In- 
ventory measurements were also made, and 
they corresponded “reasonably well” with the 
tracer results. The loss of heavy water and the 
reactor pressure history for the HBWR are 
shown in Fig. VI-6. The heavy-water inventory 
for this reactor is 14.5 tons.’ The loss of 2500 
kg of D,O over a 20-month period (Fig. VI-6) 
represents a leakage rate of about 10% per year. 
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helical wire wrap is not applicable to this type 
of design because of the 3- to 5-mm spacing 
between rods, The Agesta design provides for 
spacing and intermediate support points by sub- 
dividing the 3-m fuel rod into four subelements 
and uSing spring-loaded flexible plate spacers 
located at the fuel-element junctions. 

The Marviken boiling fuel elements are com- 
posed of rods built up of two half-length sub- 
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At the start of operation with the second core, 
the isotopic purity of the D,O was 99.75%. By 
the end of 1963 it had fallen to 99.68%. This 
represents an inleakage of about 10 kg of H,O to 
the system. 


Significant Developments 


Fuel Elements, Fuel Materials, 
and Cladding 


The Swedish experience with fuel and cladding 


materials is contained in Refs. 8 and 9. Refer- 
ence 10 is a Norwegian contribution on alumi- 
num alloys as cladding materials. Table VI-4 
gives fuel data for the Agesta and Marviken re- 
actors and the pressurized heavy-water reactor 
(PHWR). The PHWR is a design study and will 
be discussed shortly. 

The Agesta fuel bundle is relatively open, in 
the sense of having a large rod-to-rod spacing. 
This is to ensure adequate coolant velocity in 
natural circulation and also to provide a slightly 
negative void coefficient. It is said® that the 


rods. A midbundle spacer positions the sub- 
rods, and the reference mentions that the ten- 
dency for steam bubbles to anchor on the spacer 
grids has been a problem with respect to lo- 
calized corrosion and overheating. The rod-to- 
rod spacing in the Marviken is about 9 mm. 
This is maintained by the spring type spacers. 
For rigidity the spacers are anchored to a cen- 
tral, supporting Zircaloy tube that apparently is 
unfueled. In-pile test elements of Swedish de- 
Sign were run in the Canadian NRX reactor and 
in the VBWR. The highest oxide temperatures 
were determined by postirradiation examina- 
tions to be in the pellet immediately down- 
stream of the spacer, and this is attributed to 
steam-bubble anchoring.® 

The corrosion and hydriding results of Swed- 
ish experiments on Zircaloy are typical of those 
observed in other countries. The shroud in the 
Marviken reactor is a fixed piece of core hard- 
ware; thus the requirement of a long in-core 
lifetime does exist, although the consequences 
of a failure are not as serious as the failure of 
a pressure tube in apressure-tube reactor. 
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Table VI-4 FUEL DATA FOR SWEDISH POWER-REACTOR FUEL ELEMENTS? 











Marviken 
Super- 
Agesta, Boiling ~_siheating 
55 Mwtt) PHWR, element, element, 
+10 Mw(e) 360 Mw(e) 140 Mw(e) 200 Mwée) 
Total heat release in fuel, Mw 60 1134 471 122 
Reactor pressure, bars 33.3 74 49.5 49.5 
Fuel form UO, (sint.) UO, (sint.) UO, (sint.) UO, (sint.) 
Enrichment, % Natural 1.5 1.3 1.6 
Active fuel-element height, mm 3047 4455 4420 4220 
Free space in rod, mm 10 65 100 150 
Fuel rods per assembly 4x19 2x 49 2 x 30 2x 48 
No. of assemblies 140 177 147 32 
Total UO, weight, tons 18.5 33.7 25.6 7.0 
Can Zircaloy-2 Zircaloy-2 Zircaloy-2 S.S. 
Canning-tube inside diameter, 
nominal, mm 17.2 10.5 12.6 11.6 
Can wall thickness, mm 0.7 0.51 0.6 0.4 
UO, pellet diameter, nominal, mm 17.0 10.4 12.5 i15 
Mean heat loading, watts/cm 78.5 300 227 180.6 
Hot-channel factor (including transient) 4 2 2.99 2.72 
Max, transient heat loading, watts/cm 314 600 680 491 
Max, heat flux on can surface, watts/cm 54 164 156 126 
Mean temperature of the fuel, °C 500 900 800 1200 
Max, center temperature 
(including transient), °C 1325 2450 2760 2670 
Coolant/UO, area ratio 1,13 16.4 3.52 1.92 
Coolant inlet temperature, °C 205 254 255 263 
Coolant outlet temperature, °C 220 274 263 470 
Mean burnup, Mwd/ton 3600 16,000 13,000 13,000 





The use of aluminum as a cladding is being 
studied primarily as an in-pile experiment.?° 
Prototype elements were scheduled to be irra- 
diated in the HBWR in late 1964. 


Water Chemistry 


Reference 11 is a report on the water- 
chemistry research at the HBWR. The report 
covers reactor experiments that were designed 
to study conditions under which corrosion can 
be reduced to the point where operation is pos- 
sible without full-flow condensate purification. 
This involves a search for conditions under 
which steam will be produced with a low oxygen 
content and the alkalinity of the recirculating 
water will be preserved. Reducing the in-core 
dissociation of D,O should also reduce the re- 
combiner load. However, this particular point 
was not mentioned in the reference. 

Figure VI-7 shows the oxygen concentration 
in the HBWR steam as a function of power, with 
no additions to the coolant. The D, was found in 
stoichiometric amounts. When D, was added to 
the subcooled feedwater, the net decomposition 
of D,O was considerably lessened, as is shown 
in Fig. VI-8. This figure shows the effect of D, 
addition at various pressures, various loca- 
tions, and several different powers. Ammonia 


(as ND;) was added to the coolant, and it was 
shown that the radiolysis of ammonia into nitric 
acid could be prevented by maintaining the D, 
concentrations at or above 0.3 to 0.4 ml per 
kilogram of heavy water. The radiolysis of 
ammonia into nitrogen and deuterium did in- 
crease the ‘°N content of the steam, however. 


Control and Instrumentation 


The Agesta reactor is equipped with top- 
mounted, hydraulically actuated control-rod 
drives.’ A stepping action is accomplished by 
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Fig. VI-8 Oxygen concentration in steam vs. deuterium concentration in 


water entering the fuel channels.4 


means of two chucks. One chuck normally holds 
the rod in a given position, and the other grasps 
the control rod and moves a small distance up 
or down (10 mm) in response to hydraulic pres- 
sure. The Agesta control rods are of silver- 
indium-cadmium alloy clad with type 304L 
stainless steel and are tubular in shape. 

The Marviken reactor will be equipped with 
rather unusual control-rod drives. The reactor 
(Fig. VI-4) is designed for on-power refueling. 
The entire control-rod drive is to be located 
within the pressure vessel, immediately above 
the core, and will be hydraulically actuated. The 
drive will be positioned by means of the fuel- 
handling machine and held in place only by the 
weight of the drive itself. The water, which 
serves as the hydraulic fluid, is fed through 
pipes penetrating the pressure-vessel wall and 
is introduced into the drive by means of piston- 
ring type seals. The drives are located in the 
steam atmosphere above the core, but the drive 
mechanism will be filled with water to control 
the drop speed upon scram. The position- 
indicating system is based on ultrasonic loca- 
tion of a reflector plate at the lower end ofa 
control rod. A transducer, at the bottom of the 
control-rod channel, emits ultrasonic pulses, 
and the time interval between their transmis- 
sion, reflection, and absorption back at the 
transducer gives the location of the control rod. 

The in-core instrumentation for the HBWR is 
detailed in Ref. 13. Most of the information has 


been presented in Nucleonics" 


repeated here. 


and will not be 


Pressure Vessels 


The design and fabrication of the Agesta and 
Marviken pressure vessels are discussed in 
Ref. 15. The design details of these vessels, and 
that of a larger reactor to be discussed shortly 
(BASHFUL-600), are given in Table VI-5. The 
Agesta vessel has a cylindrical shape with an 
ellipsoidal bottom dome and a flat lid. The 
cylindrical portion is roll clad with stainless 
steel and has an upper flange fabricated of 
forged parts welded together and clad with 
weld-deposited stainless steel. The Marviken 
vessel is quite different from that of the Agesta 
and is shown in outline form in Fig. VI-4. The 


Table VI-5 SURVEY OF REACTOR VESSEL DATA® 





Agesta Marviken 


PHWR BHWR BASHFUL-600 





Design pressure, 


bars 40 57.5 80 
Design temperature, 

" 251 272 293 
Vessel inside 

diameter, m 4.5 5.22 6.6 
Cylindrical wall 

thickness, m 65 76 120 
Bottom dome-wall 

thickness, mm 65 70 175 
Vessel steel type C-Mn C-Mn-Mo 9% Ni steel 
Vessel height, m 9.5 23.96 26.75 
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bottom dome, which is hemispherical in shape, 
is penetrated by 87 nozzles, as follows: 


32 superheater nozzles 
34 nozzles that indicate the positions of con- 
trol rods by ultrasonics 
12 nozzles for neutron detectors 
8 nozzles for startup heating and coolant in- 
let 
1 nozzle that is a transport channel for con- 
trol rods and fuel elements 


The entire internal shell surface is clad with 
stainless steel by overlay welding, and the shell 
is penetrated by nozzles for feedwater, control- 
rod-drive piping, pressure-relief valves, emer- 
gency cooling piping, and canning leak-detection 


piping. The hemispherical upper head is pene- ° 


trated by three nozzles for television cameras 
and the large central nozzle supporting the 
charging machine. The vessel closure system is 
unique and is illustrated schematically in Fig. 
VI-9. The design is such that all forces acting 
in the fixed flange rings pass through one point, 
thus giving no moment in the ring. 

The pressure vessel for the 600-Mw(e) BASH- 
FUL reactor, which is an advanced design of a 
boiling heavy-water-moderated reactor, has an 
inside diameter of 6680 mm and atotal height of 
24,750 mm. The vessel would be shipped to the 











Schematic 
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site in at least two pieces. After installation of 
the internals at the site, the parts of the vessel 
would be joined by welding and locally heat- 
treated. At the present time no welding elec- 
trode has been developed that is fully satisfac- 
tory with the 9% nickel steel proposed for the 
vessel, but the reference states that such elec- 
trodes are expected to be developed in the near 
future. 


Directions of Future 
Developments 


The direction of development of the pressure- 
vessel heavy-water-moderated power reactor 
appears to be largely dependent on the future 
program in Sweden, as well as on the Norwe- 
gian work, although there apparently is also 
some activity on the reactor type in Germany.!" 
Sweden, probably because it is relatively well 
endowed with water power, anticipates a slow 
buildup of nuclear capacity in the near future 
but a rapidly accelerating one later. Reference 
18 assumes that Sweden will have an installed 
nuclear capacity of 200 Mw in 1970, 1000 Mw in 
1975, and 4000 Mw in 1980. The figures seem to 
indicate that, when nuclear energy is finally 
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Fig. VI-9 Details of Marviken vessel-closure flange.” 
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Table VI-6 PARAMETERS CHARACTERIZING ADVANCED SWEDISH REACTORS'!8 
BHWR* 
Marviken Natural U Enriched U PHWR BASHFUL} 

Thermal efficiency 0.287 0.314 0.314 0.283 0.371 
Specific power, kw/kg of U 18.0 18.0 27.0 35.6 24.0/41,2 
Enrichment, wt.% *5U 

Initial 1.00 71 pe 1,50 1.05/2.17 

Final 0.25 290 0,25 0.40 0.2/0.92 
Rod diameter, mm 12.5 4.0 11.5 10.4 11.5/8.5 
Plutonium, g/kg of U 5.6 7 6.6 6.0 6.3/6.9 





*The BHWR is a 300- to 500-Mwé(e) reactor producing saturated steam. 
{BASHFUL is a reactor similar to Marviken in the 400- to 1000-Mwée) power range, The numera- 
tor of the fractional entries pertains to the parameters of the boiling region, and the denominator 


pertains to the superheating region. 


needed, it will be badly needed. This is sub- 
stantiated in the reference, which states that 
domestic sources of fossil fuels in Sweden are 
lacking. 


The Marviken reactor represents the 1970 
commitment approximately. Beyond this date 
the reactor type to be built is open; pressurized 
heavy-water reactors (PHWR),'® saturated boil- 
ing heavy-water reactors (BHWR), and boiling 
and superheating reactors of the Marviken type 
(BASHFUL) are all under study. Reference 18 
is a discussion of the economics of these vari- 
ous types, and some of the proposed design 
parameters are given in Table VI-6. Fuel costs 
are given in Table VI-7. Table VI-7 illustrates 
the importance of on-power refueling, since this 
is said to be responsible for the difference in 
cost between the PHWR and the remaining reac- 
tors. The PHWR costs were arrived at by as- 
suming multizone, batch loading, whereas the 
remaining plants were assumed to be continu- 
ously refueled. The penalty can be seen in the 
enrichment values given for the PHWR, as con- 


trasted to the remaining plants. The processing 
of fuel appears to be of marginal value, as Table 
VI-7 shows that the cost of processing about 
equals the plutonium value. 

The Swedish fuel-cycle philosophy is now 
characterized as follows:'® 


Use of slightly enriched uranium for normal op- 
eration but possibility of optional operation with 
natural uranium, 

Once-through uranium cycle without reprocessing 
of spent fuel but with possibility of future recycling 
of plutonium in a self sustained cycle. 


The option for use of natural uranium is some- 
what peculiar to Sweden but is of general inter- 
est. If 4000 Mw(e) is in fact the installed capac- 
ity in 1980 and if the annual increase is 800 
Mw(e), the net import requirements for natural 
uranium would amount to $8 million per year, 
compared 10 $13 million for enriched uranium. 
If the nuclear electricity were being generated 
with conventional BWR’s, the corresponding fig- 
ures, aS given in Ref. 18, would be $40 million 
per year for Zircaloy-clad fuel and $63 million 











Table VI-7 FUEL COSTS* FOR DIFFERENT REACTOR TYPES!8 
BHWR 
Marviken Natural U Enriched U PHWR BASHFUL 
Cost item, mills/kw-hr 
Fuel consumption 0.51 0.39 0.63 1.04 0.67 
Manufacturing 0.88 1,23 0.89 1.10 0.79 
Fixed 0.20 0.13 0.13 0.14 0.13 
Processing 0.29 0.44 0.26 0.30 0.23 
Credit on uranium 0 0 0 —0.04 —0.09 
Credit on plutonium —0.43 —0.55 — 0.46 —0.47 —0.38 
Once-through (items 1 to 3) 1.59 1.75 1.65 2.28 1,59 
Net credit (items 4 to 6) —0.14 —0.11 — 0.20 —0.21 — 0.24 
Total cost 1.43 1.64 1.45 2.07 1.35 





*Basic assumptions: burnups, 15 Mwd per kilogram of uranium, except for natural uranium, which 
is 9 Mwd per kilogram of uranium; feed cost, $8 per pound; separative work, $30 per kilogram of 
uranium; interest rate, 7%; fixed costs at 6000 h/g and 60% of initial core; processing, $30 per kilo- 


gram of uranium; plutonium credit, $8/g total. 
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for stainless-clad fuel. These numbers might be 
important in considerations involving trade 
balance or emergency situations, but the refer- 
ence assigns them a “minor importance.” 
Nevertheless, the requirement that the reactor 
be capable of operation with natural uranium is 
allowed to compromise the optimization of the 
reactor fueled with enriched uranium, and this 
is noted in the reference.” 


Czechoslovak Nuclear 
Power Station 


The remaining heavy-water power reactor of 
the pressure-vessel type is the gas-cooled re- 
actor of the Czechoslovakian nuclear power sta- 
tion. Few design details were presented at the 
conference, but coverage had been reasonably 
thorough at the Second Geneva Conference. Ref- 
erence 20 reports on some design and construc- 
tion problems of the reactor and discusses the 
charge-discharge machine, control-rod tests, 
top biological shield design, steam-generator 
tests, main blower tests, and steam-turbine de- 
sign. The plant has been scheduled”! to be criti- 
cal in 1965. No other dates are given to suggest 
that this time schedule will not be met, although 
it is mentioned in Ref. 20 that the construction 
time has been “elongated.” 

The pressure vessel for the Czechoslovakian 
nuclear power station is discussed in Ref. 16 
and is shown in Fig. VI-10. The figure does not 
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Fig. VI-10 Pressure vessel for the first Czechoslo- 
vakian power station.*® 
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illustrate the upper head details, but there are 
approximately 200 nozzles through the head for 
control and refueling. The reactor is D,O mod- 
erated, and the CO, coolant is piped through 12 
inlet and 12 exit nozzles. The reference con- 
tains much information on stress analysis, ma- 
terial properties, and test results that would be 
of interest to the specialist. The pressure- 
vessel steel is designated “CSN 13030,” and is 
composed of <0.20% carbon, 1.10 to 1.14% man- 
ganese, <0.10% cobalt with titanium and alu- 
minum added“... for increasing of structural 
stability and finegrainedness ...”'® The refer- 
ence describes the manufacture of a shortened 
version of the pressure vessel. The vessel is 
the same as the one shown in Fig. VI-10 but 
does not include some of the ring sections. 
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General Status 


The Geneva information on gas-cooled reactors 
that employ metallic fuel jackets deals almost 
exclusively with reactors developed in the 
United Kingdom and France. Consequently, this 
article reviews the status, the significant de- 
velopments, and the indicated directions of fu- 
ture development in terms of the British and 
French programs. 


Some basic information on specific reactors 
of the type is presented in Table VII-1. The 
reactors, all of which are CO, cooled andgraph- 
ite moderated, are classified as “British de- 
signed” or “French designed,” but the reactors 
in the former category are not all locatedin the 


Gas-Cooled 
Clad-Fuel Reactors 


By Walter Mitchell III 


British Isles. Although the majority of the sta- 
tions listed are multiple-reactor installations, 
as indicated in the first column of Table VII-1, 
the net electric outputs listed pertain to single 
reactors. The date of power operation for a 
particular station gives the year in which the 
first reactor in a multiple-reactor installation 
began or will begin operation. 

The large number of British reactors of the 
CO,-cooled graphite-moderated type built or 
being built and the steady progression in reac- 
tor output are striking results of the British 
program, which has up to now concentrated 
heavily on this reactor type. The improvements 
in the type, as indicated by the parameters 
listed in Table VII-1, illustrate rather vividly 
the technological advances that occur as a re- 








Table VII-1 GENERAL INFORMATION ON GAS-COOLED CLAD-FUEL REACTORS!~!6 
Primary 
Net electric coolant Primary coolant Fuel 
Station Date of first output Net nominal temperature at rating, Capital 
(number of reactors reactor per reactor, efficiency, pressure, reactor outlet, Mwi(e)/ cost, 
in parentheses) on power Mw % psia ie metric tonof U $/kw 
British-designed 
reactors 
Calder Hall (4) 1956 54 23.5 100 652 
Chapelcross (4) 1959 54 23.5 100 652 
Berkeley (2) 1962 138 24.4 140 653 0.59 521 
Bradwell (2) 1962 150 28.2 147 739 0.63 492 
Latina (1) 1963 200+ 28.4 197 739 
Hinkley Point (2) 1964 250 26.4 195 705 0.72 420 
Hunterston (2) 1964 150 28.3 161 744 0.60 
Trawsfynydd (2) 1964 250 29.4 246 735 0.85 384 
Dungeness (2) 1965 275 32.9 284 770 0.92 319 
Tokai (1) 1965 149 26.8 223 739 
Sizewell (2) 1965 290 30.5 282 770 0.91 300 
Oldbury (2) 1966 300 33.6 365 770 1.02 302 
Wylfa (2) 1968 590 31.5 400 770 1.00 280 
AGR (1) 1962 27.3 27.3 285 977 
French-designed 
reactors 
G2 (1) 1959 40 16.0 215 644 
G3 (1) 1960 40 16.0 215 644 
EDF-1 (1) 1963 70 23.3 406 670 
EDF-2 (1) 1964 200 23.6 385 716 0.80 
EDF-3 (1) 1966 480 30.8 435 770 1.14 240 
EDF -4 (1) 1968 480 29.1 435 752 1.08 





58 


Winter 1964-1965 


sult of the research engendered by a large 
building program and the experience gained 
through reactor operations. The French pro- 
gram, although considerably smaller than the 
British effort, has resulted in rather remark- 
able advances also. Indeed, the predicted per- 
formances of the French reactors presently 
under construction are fully as impressive as 
those of the British. For example, a compari- 
son of the data in Table VII-1 for the Sizewell 
and EDF-3 plants, which are scheduled for on- 
power operation in 1965 and 1966, respectively, 
shows that the bulk outlet gas temperatures 
from the reactors are the same. Pressure and 
fuel rating in EDF-3 exceed the comparable 
values in Sizewell by a large margin. Com- 
parisons of cost estimates from different coun- 
tries can be misleading, but, if the estimates 
for Sizewell and EDF-3 are comparable, they 
indicate a considerable advantage for the French 
design, perhaps because of the larger reactor 
output. 

That the British are proceeding with sucha 
vigorous construction program is not surpris- 
ing in view of the fact that, even under con- 
servative assumptions, nuclear power in that 
country is expected to command a place in the 
generating system on solely economic grounds 
in the period 1970 to 1975. An indication of the 
relative costs of nuclear and conventional power 
in Great Britain is given in Ref. 9 by the state- 
ment that the replacement generation cost per 
day for Bradwell was $75,500 in January 1963 
and $36,400 in July 1963. (The replacement 
cost is the incremental fuel cost per day of the 
next available stations in the order of merit 
needed to replace Bradwell’s 300 Mw.) Al- 
though one would expect the January figure to 
be high, since this is a peak-load time of the 
year and the conventional plants available for 
service are the old and expensive plants, the 
July figure represents a period of low load 
during which time it appears reasonable that 
some fairly good conventional plants would be 
available for use. The January 1963 replace- 
ment generation cost is equivalent to a fuel 
cost of over 10 mills/kw-hr. It is interesting to 
note that even the very large conventional 
power stations that will be commissioned in 
Great Britain during the period 1965 to 1970 
are estimated to have fuel costs!® of between 
4.1 and 5.8 mills/kw-hr. 

An interesting trend has developed in the use 
of the prestressed-concrete pressure vessel for 
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this reactor type. In the British program, all 
reactors down through Sizewell use metal pres- 
sure vessels, whereas Oldbury and Wylfa use 
prestressed concrete in conjunction with the 
“integral-plant” arrangement described later 
in this article. The French, despite (or perhaps 
because of) previous experience with concrete 
vessels in the G2 and G3 reactors, reverted to 
metal enclosures for the EDF-1 and EDF-2 re- 
actors. Then, for EDF-3, they changed again— 
to a concrete version of the conventional pres- 
sure vessel, i.e., a vessel that encloses only 
the reactor proper. Finally, in the EDF-4plant, 
the concrete-vessel integral-plant concept is 
used. Thus it appears that the evolution of the 
reactor type in the United Kingdom and France, 
after having proceeded along somewhat dis- 
similar paths, has now reached a point in time 
at which the gross features of the plants under 
construction are comparable. In the course of 
this evolution, it seems that the British may 
have displaced the French as the boldest expo- 
nents of the concrete pressure vessel, since 
they expect to put the integral concept into ser- 
vice in 1966 in the Oldbury plant, two years be- 
fore EDF-4, 

The large gas-cooled reactors have proved 
their reliability through the years. For some 
time now, utilization factors of 90% and greater 
have been common for long periods in the oper- 
ating history of the Calder Hall reactors, and, 
as shown in Table VII-2, even the relatively 
young Berkeley and Bradwell plants are exhib- 
iting a satisfactory degree of reliability. The 
“utilization factor” is defined as 

Units sent out x 100 ee 
Design sent-out capacity x time r 





The performance of Berkeley and Bradwell dur- 
ing the period from startup to February 1964 is 
presented in Table VII-3 in terms of the utili- 
zation factor, 

The reactors listed in Table VII-1, with the 
exception of the Advanced Gas Cooled Reactor 
(AGR), are fueled with natural-uranium metal 
clad in a relatively low-temperature alloy. The 
fuel elements are massive, to the extent that 
the entire cross section of a process channel 
contains only a single fuel element, and the 
specific power and power density are conse- 
quently low. These characteristics result from 
the use of metallic uranium, since the massive 
elements not only promote the attainment of the 
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PERFORMANCE OF BERKELEY AND BRADWELL STATIONS 


DURING PEAK LOADING OF U. K. CENTRAL ELECTRICITY GENERATING 
BOARD SYSTEM? 








Berkeley Bradwell 

Nov. 1962 Nov. 1963 Nov. 1962 Nov. 1963 
to to to to 

Feb. 1963 Feb. 1964 Feb.. 1963 Feb. 1964 
Design sent-out capacity, Mw 275 275 300 300 

Maximum sent-out capacity 

achieved, Mw 231 241 278 311 
Units sent out, kw-hr x 107° 528 557 552 807 
Utilization factor, % 67 70 64 93 


On-power dates 


Reactor 1, June 1962 
Reactor 2, 


Reactor 1, June 1962 


Oct. 1962 Reactor 2, Nov. 1962 





Table VII-3 ANALYSIS OF PERFORMANCE FROM 
STARTUP TO FEBRUARY 1964, BERKELEY AND 
BRADWELL STATIONS® 





Berkeley, Bradwell, 


0 0 





i) 


Utilization factor 52 
Utilization losses 
Output restrictions 
Nuclear fuel temperature 4.8 
Nonnuclear pressure drop 
in superheaters 8.0 0 
Plant nonavailability 
Nuclear 
Reactor trips 0.4 0.4 
Spurious reactor trips se 
Flux scan tube failure 0 1.8 
Absorber, fuel, etc., 
movements off load 
Fuel failures 0. 
Nonnuclear 
Modification of super- 
heaters 9.6 
Turbines, boilers, etc. 
Planned maintenance 3. 
External causes 0 
All other causes (load 
changing, startup, fuel 
integrity tests, etc.) 


uo 
oo 





necessary reactivity but also keep the fabrica- 
tion component of the fuel cost at a reasonable 
level, despite the short exposure lifetime. The 
logical development of the reactor type, as em- 
bodied in the AGR, is a reactor capable of de- 
veloping considerably higher gas temperatures 
and much higher power density, along with much 
extended fuel life. This is accomplished prin- 
cipally through the use of different fuel and 
cladding materials but requires the use of en- 
riched fuel. Details of the AGR, in which the 
fuel consists of slightly enriched-uranium di- 
oxide pellets encased in thin stainless-steel 
cans, assembled in clusters, are in Ref. 17. 
Fuel loading of the AGR commenced? in August 
1962, and since February 1963 the reactor has 


operated at or above its designed power. The 
designed gross electrical generation of 33 Mw 
was achieved at startup, and within weeks the 
output was increased to 37 Mw, the limit of the 
installed generating plant. The experimental 
nature of the AGR has required the reactor to 
be shut down on several occasions, but, despite 
these periods of shutdown, the plant load factor 
(utilization factor) for the first year of opera- 
tion has been a very satisfactory 74.1%. The 
plant availability factor, defined as the propor- 
tion of time for which the reactor was operating 
at full power, or for which the plant was fully 
available but was shut down or operated at re- 
duced power for experimental purposes, has 
been 86.6%. These values, as well as the rea- 
sons for losses of equivalent full-power time, 
are Shown in Table VII-4. 

In summarizing the current status of the gas- 
cooled graphite-moderated reactor, one can 
really state only the obvious things: that a 
large number of the reactors have been built; 
that the reactors which have been built have 
Operated satisfactorily and have proved that 


Table VII-4 CAUSES OF REACTOR OUTAGE OF 
THE AGR® (FEBRUARY 1963 TO FEBRUARY 1964) 


(Losses As Percent of Equivalent Time at Full Power) 





Planned annual maintenance and inspection, % 4.5 
Unplanned maintenance, % 

Control-rod sleeve faults 4.6 

Electrical/mechanical faults 2.8 

Instrument faults 0.03 

Human errors ee 
Total operational losses, % 13.4 
Operational availability, % 86.6 
Off load or reduced power handling 

of irradiation experiments, % 41.7 
Power reduction for physics experiments, % 0.8 
Total experimental losses, % 12.5 
Plant load factor, % 74.1 
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the type is reliable; that, typically, original 
performance capacities are exceeded by tech- 
nological improvements which are incorporated 
in the existing plants; that the advanced reac- 
tors represented by the British AGR appear to 
have a sound basis for future development; and, 
finally, that the development of the technology 
has proceeded as might have been expected. 
Thus the very considerable gains that can be 
made by choosing a reactor type and building 
and developing it intensively have been demon- 
strated. If the type still appears to be less than 
economically competitive in countries like the 
United States, it is not because of any failure to 
equal or exceed the early expectations but be- 
cause of inherent characteristics of the type. 


Fuel Elements 


The Magnox reactor, which is defined as a 
graphite-moderated gas-cooled reactor fueled 
with metallic uranium in Magnox cans, is the 
“standard” reactor discussed here. The cost 
reductions that have been achieved in the de- 
velopment of this reactor type are discussed in 
a paper by Smith et al.’ which, although written 
to apply to those reactors developed in the 
United Kingdom, serves as an excellent guide 
to the directions of development and remaining 
areas of exploitability of the general reactor 
type. The comments that follow are taken 
largely from Ref. 7. 

The primary factors in the cost reductions 
which have been achieved are ircreases in unit 
output, improvements in layout and detailed de- 
sign, and increases in fuel rating. Since the 
fuel electrical rating (electrical megawatts per 
metric ton of uranium) determines the total 
weight of fuel in a plant of given capacity, it is 
a significant parameter in the cost of the first 
fuel charge and also influences strongly the 
reactor dimensions, which, in turn, are re- 
flected in the cost of the reactor and its asso- 
ciated equipment. The fuel electrical ratings 
can be increased by increasing fuel heat rat- 
ings, by increasing reactor coolant tempera- 
tures and steam-cycle efficiencies, or by low- 
ering blower power. The achievement of a net 
gain by any of the above three means while 
keeping materials constant requires improve- 
ment of the fuel-element heat-transfer per- 
formance and/or the coolant heat-transport 
performance; in the gas-cooled reactor, the 
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most straightforward approach to such a gain 
is an increase in the coolant pressure. The 
trend toward higher pressures is illustrated in 
Fig. VII-1 for a majority of the Magnox reac- 
tors designed and built to date. The pre- 
stressed-concrete pressure vessels developed 
for the very large Magnox reactors have en- 
abled the designer to select coolant pressure 
on the basis of economic optimization. All the 
high-output plants shown in Fig. VII-1 (Oldbury, 
Wylfa, EDF-3, and EDF-4) utilize the concrete 
vessel, and the attendant increase in fuel elec- 
trical rating is evident. 
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Fig. VII-1 Fuel ratings and gas pressures of vari- 
ous reactor designs.” 


As stated .Ref. 7: ‘The scope for increas- 
ing thermal efficiency of Magnox stations is 
probably fully exploited, so attention is now 
focused on increasing the fuel heat rate.” Much 
of the effort on fuel and fuel-element develop- 
ment has been directed toward finding designs 
that can yield the higher heat ratings simulta- 
neously with a fuel-element life expectancy that 
is at least as long as the reactivity lifetime 
afforded by natural uranium. 


Fuel Materials 


Certainly one of the most significant develop- 
ments in the Magnox-reactor fuel program has 
been the production of “adjusted” uranium by 
the British. In the earlier days of the Magnox 
reactor, core life was considered to be deter- 
mined by the swelling in the natural-uranium 
metal fuel. It is now considered that the behav- 
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ior of the uranium is not a limitation in the 
operation of the Magnox fuel elements and that 
the lifetime limit will be determined by the 
available reactivity. Basically, adjusted ura- 
nium is uranium containing 400 to 1200 ppm 
aluminum and about 300 ppm iron and 600 ppm 
carbon. These additions of material produce 
the greatest individual effect in reducing swell- 
ing, but, in order to obtain the effect, it is nec- 
essary to quench the uranium from the beta 
phase and subsequently anneal it in the alpha 
phase. In uranium produced by this method, the 
fractional volume increases are remarkably 
small and are unaffected by fission rate (for a 
given total burnup). British data’® indicate that 
the adjusted uranium is superior to uranium- 
molybdenum alloy in its swelling behavior and 
does not have the high-neutron-absorption pen- 
alty of the molybdenum alloy. Additionally, the 
molybdenum content of the uranium-molybdenum 
alloy presents a considerable problem in the 
chemical processing stage of the fuel cycle. 
Figure VII-2 illustrates the relation between 
the volume increases in uranium and uranium 
alloys. The adjusted uranium has been tested in 
thermal-cycling conditions of the amplitude and 
frequency expected in the Magnox reactors, and 
its swelling appears to be unaffected by such 
cycling. 

Reference 18 contains an interesting disser- 
tation on uranium swelling which, for the pur- 
poses of this discussion, can be said to be de- 
pendent largely on the size and distribution of 
fission-gas bubbles in the metal. In a rather 
crude sense, it can be said that the swelling of 
uranium can be held to a minimum by prevent- 
ing the coalescence of fission-gas bubbles: in 
other words, although fission-gas generation is 
a function of irradiation, the effects of such 
generation can be minimized by preventing the 
migration and coalescence of the gas bubbles. 
In even simpler terms the desired condition 
within the fuel is one in which the number of 
gas bubbles is kept to a maximum and, conse- 
quently, the sizes of the individual bubbles are 
kept at a minimum. During the production of 
adjusted uranium, when the material is held in 
the beta phase, most of the particles of the 
intermetallic compound UAI, and all the parti- 
cles of U,Fe precipitated during casting are 
redissolved. When the material is quenched, 
the aluminum and iron are retained in solution 
and, during the subsequent alpha annealing, are 
reprecipitated as fine particles at the grain 
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boundaries and within the grains of the mate- 
rial. The quenching and annealing apparently 
produce a fine intragranular and intergranular 
dispersion of UA], particles with possibly some 
iron in solid solution. The reason for the ex- 
cellent performance of the adjusted uranium is 
thought to be that this dispersion essentially 
“anchors” the fission-gas bubbles within the 
material so that migration and coalescence 
cannot take place. 

Although the adjusted uranium has become 
the standard material used at the Springfields 
Works (the fuel-element production facility of 
the UKAEA),’?® and although the British con- 
sider’® that other alloys now undergoing irra- 
diation are unlikely to show an overall advan- 
tage as a fuel material when compared to the 
adjusted uranium, it is evident that the French 
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Fig. VII-2 Volume increases in uranium with no 
added aluminium, irradiated at 500 to 650°C. Curves 


for high-purity uranium, uranium—6 at.% molybde- 


num, and ‘‘adjusted’’ uranium are superimposed. '® 
©, U. S. results, direct irradiation. O, U. S. results, 
postirradiation annealing. V, AERE results, direct 
irradiation, 30 to 90 ppm carbon. 0, AERE results, 
direct irradiation, 300 to 1000 ppm carbon. 
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consider other alloys as the preferred Magnox- 
reactor fuel materials. The French flatly con- 
tradict the British proposition that the bubble- 
migration phenomenon is the dominant factor in 
the growth of uranium fuel elements and state”’ 
that no French experiments have ever shown 
evidence of such a phenomenon. In the later 
French reactors, the fuel is typically uranium- 
molybdenum alloy, with the molybdenum content 
ranging from 0.5 to 1.0%. These fuel elements 
are hollow-rod type elements with external 
cooling only. For their advanced fuel element, 
which has an annular cross section of uranium 
cooled internally and externally, the French 
propose a fuel made of uranium of “low alloy 
contents” in order to avoid the relatively high 
neutron absorption of the molybdenum alloys, 
Since the mechanical strength of the molybde- 
num alloy is not required in the internally 
cooled annular elements. Perhaps the French 
philosophy on fuel-material development is that 
the uranium-molybdenum alloys possess a high 
mechanical strength at elevated temperatures 
and that this property makes them particularly 
Suitable for use in the hollow-rod elements 
subjected to high external pressures. Further- 
more, growth becomes negligible at tempera- 
tures around 525°C and appears to be inde- 
pendent of the type of alloy considered, although 
no inconvenient swelling has been observed in 
the uranium-molybdenum alloy during fuel- 
element tests.® Although the French are de- 
voting a substantial effort to the development of 
the annular fuel element that utilizes less ab- 
sorptive fuel than their typical uranium-molyb- 
denum alloy, they clearly state”! that the more 
conventional closed-tube elements suchas those 
employed in the EDF-2, -3, and -4 reactors 
will not be abandoned. 


Although development of fuel elements for 
the AGR in Great Britain is continuing, nothing 
very unusual has been reported concerning the 
fuel portion of these elements. High-density 
UO, is still the preferred fuel material, and 
research on this material is proceeding along 
fairly routine lines. The major emphasis in the 
development of these fuel elements is in the 
configuration and cladding materials, which 
will be discussed in following sections. 


Fuel-Element Cladding and Structure 


The policy adopted by the British for the de- 
velopment of critical items such as cladding 
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alloy and structural alloy for fuel elements has 
been one of parallel development with alterna- 
tive solutions. It appeared likely that the ma- 
terial used for cladding alloy since 1956 in the 
Calder Hall reactors would have a limited life 
because of failure by linkage of grain-boundary 
cavities at temperatures up to 300°C. This 
material, a coarse-grained magnesium—0.8% 
aluminum alloy called Magnox AL80, could be 
replaced by a fine-grained Magnox AL80 that 
exhibited a greater ductility and could be ex- 
pected to have a longer life, but the fine-grained 
structure could be attained only by the con- 
trolled application of cold work which might be 
expected to be a hindrance to bulk manufactur- 
ing operations.'? The principal alternative to 
the fine-grained Magnox AL80 alloy was an in- 
herently fine-grained two-phase alloy contain- 
ing 0.55% zirconium and called Magnox ZR55. 
Cladding made of bulk materials was produced 
for the Civil Reactor Program in Great Britain, 
and large-scale proving trials in the UKAEA 
reactors were begun, Meanwhile, the manufac- 
ture of the fine-grained AL80 cladding material 
was developed until the process was suitable 
for large-scale production of cans, and this 
development turned out to be a fortunate one 
for the program. Because of the diffusion of 
plutonium through the Magnox ZR55 cladding at 
irradiations above 1000 Mwd/ton, the operation 
of the burst-cartridge detection gear in the 
Magnox reactors was impaired. Consequently, 
the fine-grained Magnox AL80 has been adopted 
as the “standard” cladding material for use in 
the British reactors. 

The requirements of some of the structural 
components of fuel elements are different than 
those of the cladding since the loadings are 
different. For instance, the end caps and asso- 
ciated fittings which support the axial loads 
acting on stacked elements require a high re- 
sistance to creep but demand less ductility than 
is required of the cladding alloys. To date, a 
0.7% manganese alloy, Magnox MN70, has been 
the one most widely used for end caps and fit- 
tings,” and the most popular material for 
spreaders and braces has been heat-treated 
Magnox ZR55 (Ref. 19). 

The French presented relatively little infor- 
mation at Geneva concerning the development of 
cladding and structural materials for the fuel 
elements of their gas-cooled reactors. Al- 
though they are aware of the fine-grained Mag- 
nox AL80 used by the British, the French ap- 
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pear to prefer” a magnesium-zirconium alloy 
similar, presumably, to the Magnox ZR55 con- 
sidered by the British, Although the typical 
French fuel element does differ’! from the 
British elements (in that, since EDF-2, the 
French have fitted their elements with a graph- 
ite sleeve), the plutonium diffusion problem 
must still remain. Little information was given 
concerning burst-cartridge detection in the 
French reactors, but the problem has appar- 
ently been reconciled with the operation of the 
reactors. Apparently the magnesium-zirconium 
alloy is used for the welded end caps” of the 
fuel elements as well as for the cladding ma- 
terial. 


The development of cladding materials for 
higher temperature gas-cooled reactors (such 
as the AGR and the French gas-cooled heavy- 
water-moderated reactor EL-4) indicates that, 
at least for the fairly near future, reactors of 
this sort will utilize fuel that is clad with very 
thin stainless steel. Apparently, the British are 
not considering very seriously any material 
other than stainless steel for this high-temper- 
ature application, although some years ago 
beryllium had been considered for use in the 
AGR, The French, however, although resigned 
to the use of stainless steel at present, con- 
tinue studies directed toward the development 
of. beryllium as a cladding material and are 
investigating, in parallel efforts, other mate- 
rials such as iron-aluminum alloys. Reference 
24 contains descriptions of some of the recent 
work in France on the development of beryl- 
lium and indicates that some progress is being 
made on the problem of improving the ductility 
of beryllium in the direction perpendicular to 
the direction of extrusion. 


Fuel-Element Configurations 


The fuel-element configuration that has been 
used or specified most frequently in Great 
Britain is the solid rod in a polyzonal can, 
whereas the French ordinarily use the hollow 
rod in a polyzonal can, housed in a graphite 
sleeve. The British-designed Tokai reactor, 
however, has” a hollow-rod element and a 
graphite sleeve, and the Hunterston reactor 
also has the graphite sleeve.”? Some of the fuel 
geometries that have been considered by the 
British are shown in Fig, VII-3. The arrange- 
ment of flat bars in a fuel element is one in 
which bars with different widths are held par- 
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allel to each other to “fill” approximately*the 
circular-cross-section fuel channel, ‘The 
investigation of these geometries has been 
prompted by the trend to higher heat ratings. 
A departure from the solid fuel geometry is 
required if the desired increases in rating are 
to be achieved. The British have apparently 
concluded that the flat-bar and tubular ele- 
ments offer substantial savings in power-gen- 
eration cost relative to the current solid-rod 
designs in very large reactors.’ Of the two 
configurations the flat-bar approach is pre- 
ferred because it appears to have fewer tech- 
nical uncertainties and slightly better economic 
potential than the tube.’ Of the solid-rod type 
elements used or specified to date, two types 
appear to have been used in the largest num- 
bers. These are the polyzonal element with 
helical fins and the polyzonal element with her- 
ringbone fins. Drawings of the external appear- 
ance of elements of these types are shown in 
Fig. VII-4. As is indicated by the drawing, the 
herringbone element is considerably simpler 
mechanically than the helical type identified as 
a Dungeness Mark I element. Although the 
British have been quite cautious and have stated 
that the herringbone element has yet to demon- 
strate its stability in such mechanical form,” 
they do plan large-scale irradiation trials and 
state that the merits of the design” have re- 
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sulted in its adoption for the second reactor at 
Sizewell. 

The characteristics of French fuel elements 
for Magnox reactors are shown in Table VII-5, 
which indicates that the reactors in the EDF 
series all use hollow rods, that from EDF-2 
onward graphite sleeves have been used, and 
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Fig. VII-4 British fuel elements.6 
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that for the external surfaces of round ele- 
ments the herringbone finning arrangement is 
preferred. 

The “advanced” French fuel element that 
corresponds to the flat-plate type envisioned by 
the British is the annular element listed in 
Table VII-5 and shown in Fig, VII-5. As indi- 
cated in the drawing, this is a very large ele- 
ment, the distance across the span of the 
centering device being about 7 in. Its cross- 
sectional area of fuel and its inside and outside 
diameters correspond roughly to those studied 
by the British in their search for an advanced 
fuel element (Fig. VII-3). It is interesting to 
compare the maximum specific powers shown 
in Table VII-5 for the French fuel elements 
with the data presented in Fig. VII-6, which is 
based on information generated by the British 
and presented in Ref. 7. The comparative gen- 
eration costs shown in the figure are based on 
optimized reactors of 500-Mw(e) output for 
each of four fuel geometries. Although it is 
stated that the fuel prices for the flat bar and 
the tube are nearly the same for their optimum 
designs,’ the blowing power requirement at a 
given coolant pressure is lower for the flat- 
bar design than for the tube, and this more than 
offsets the costs associated with the require- 
ment for a somewhat larger core when the flat- 
bar design is used, 

With regard to the French fuel-element pro- 
gram, an interesting comparison of the relative 
costs of the various operations in preparing 
fuel elements for the reactors for G2 to EDF-3 
is shown in Table VII-6. Since the “new ura- 
nium” cost should be the same for each ele- 


Table VII-5 CHARACTERISTICS OF FRENCH FUEL ELEMENTS” 








EDF-3 and Annular element 
EDF-1 EDF-2 EDF-4 (INCA) 
CO, pressure, psia 406 385 435 656 
Fuel 
Alloy U-Mo, 0.5% U-Mo, 1% U-Mo, 1% Slightly alloyed U 
Diameter, in. 0.55 x 1.38 0.71 x 1.57 0.90 x 1.69 3.03 « 3.74 
Cross section, sq in. 1.24 1.55 1.55 3.88 
Maximum specific power, 4.4 5.8 6 11 
Mw/ton 
Can 
Type of fins Longitudinal Helical Flat-sided External, herringbone; 
herringbone herringbone internal, longitudinal 
or corrugated 
Maximum heat flux, 178,000 260,000 257,000 External, 333,000; 
Btu/(hr)(sq ft) internal, 222,000 
Element 
Individual support None Graphite sleeve Graphite sleeve Graphite sleeve 
Length, in. 23.6 23.6 23.6 23.6 
Number per channel 15 12 15 15 
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Fig. VII-5 The French annular element (INCA).*! 
T T T T T T ment type, the relative costs for the complete 
0.03 4 elements are easily derived. , 
It appears that no radical changes are forth- 
0.02 sia 7 coming in the selection of fuel-element con- 
ook a figurations for advanced gas-cooled reactors 
b= Hollow Rod such as the AGR, and the continued use of 
OF a 4 multirod bundles of small-diameter fuel tubes 
may be expected,” 
-0.01- - 
sari Vigil Pressure Vessels 
0.03 Tube 
c The British reactor stations up to Sizewell 
0.04 ; \ hr iige > Ae a "ii ‘ have utilized steel pressure vessels. The fuel 
2 4 6 8 0 (2 4 € electrical rating has been increased signifi- 
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Differential generation costs.” 


cantly through this series of plants, as indi- 
cated in Fig. VII-1, and much of this increase 
has come about through increases in coolant 
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Table VI-6 BREAKDOWN OF FUEL CARTRIDGE COST IN FRANCE? 





Percent of fuel cartridge cost 





G2 and G3 EDF-1 EDF-2 EDF-3 
solid rod hollow rod hollow rod hollow rod 
(dia., 1.22 in.) (dia., 0.55 to 1.38 in.) (dia., 0.71 to 1.57 in.) (dia., 0.90 to 1.69 in.) 
New uranium (ingots) 72 58 56 54 
Solid-rod and hollow- 
rod manufacture 6 7 6 7 
Cans and plugs 4 7 1 5 
Alumine pellets 1 
Centering grids 2 
Graphite sleeves 8 8 
Manufacture and testing 18 27 24 28 





pressure. But increases in design pressure 
have been limited by the difficulties met inpro- 
curement and in on-site welding and inspection 
of thick steel plate.’ At the same time the trend 
in reactor capacity has been to high-capacity 
units that make possible significant reductions 
in capital cost, and the influence of this trend 
has been to increase reactor size despite the 
higher power density that has been achieved. 
Consequently the problem of increasing the 
pressure in order to increase the fuel rating, 
while at the same time larger and larger plants 
are achieved, has resulted in the conflicting 
requirements of higher pressures in larger 
vessels. An example of this is evident in the 
designs of the Bradwell and Dungeness reac- 
tors. For Bradwell, 3-in.-thick plate was speci- 
fied at a working pressure of 147 psia. For 
Dungeness, about three years later, when 4-in.- 
thick plate was available, coolant pressure was 
limited to a value somewhat less than 300 psia, 





and pressure-vessel dimensions were at a 
maximum of approximately 60 ft in diameter. 
The use of prestressed-concrete pressure ves- 
sels has permitted the economic optimization 
of coolant pressure and vessel diameter, and it 
is obvious from inspection of Fig. VII-1 that 
the desired pressure of the larger and newer 
power plants is substantially greater than that 
which had been possible in the units up through 
Dungeness-A. 

The impressive sizes of the concrete pres- 
sure vessels which have been specified for 
planned plants are illustrated by the data pre- 
sented in Table VII-7. For example, the Wylfa 
pressure vessel has an internal diameter about 
half again as great as that of the largest steel 
vessels, and the nominal pressure of its pri- 
mary coolant is more than a third again as 
great as that of the steel-vessel plants. The 
proponents of the concrete vessel claim that it 
has other advantages also. A fair body of opin- 








Table VII-7 GAS-COOLED CLAD-FUEL REACTORS USING CONCRETE VESSELS#:!° 
Primary Primary coolant ze winiensnesin seen 
coolant temperature Approximate 
Date of first Thermal nominal at reactor Dimensions minimum 
reactor power, pressure, outlet, Shape of of internal wall thickness, 
Reactor on power Mw psia ey internal cavity cavity, ft ft 
G2 1959 250 215 644 Horizontal-axis Diameter, 45.9; 9.8 
cylinder length, 51.5 
G3 1960 250 215 644 Horizontal-axis Diameter, 45.9; 9.8 
cylinder length, 51.5 
EDF-3 1966 1560 435 770 Vertical-axis Diameter, 62.3; 13.9 
cylinder with height, 69.1 
truncated cone 
sections at top 
and bottom 
Oldbury 1966 890 365 770 Vertical-axis Diameter, 77.0; 15.0 
cylinder height, 60.0 
EDF-4 1968 1650 435 752 Vertical-axis Diameter, 62.3; 16.4 
cylinder with height, 119.0 
upper trun- 
cated cone 
section 
Wylfa 1968 1870 400 770 Sphere Diameter, 96.0 11.0 
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ion among the British and French designers is 
that the steel pressure vessels used in the 
United States are, in fact, susceptibie to sudden 
failure. In the opinion of these people, the maxi- 
mum credible accident should logically be con- 
sidered to be the sudden brittle fracture of the 
reactor pressure vessel; the mode of ultimate 
failure of concrete pressure vessels, however, 
is progressive and without sudden rupture.” 
Obviously this theory is not widely popular 
among the proponents of steel vessels. 


Refueling Machines 


The performance of refueling equipment in 
both the British and French reactors has been 
acceptable, and the development of refueling 
machines has been characterized by steady 
improvements based on operating experience 
gained with the machines used in the relatively 
early reactors. In the G2 and G3 reactors, the 
original machinery has been improved princi- 
pally for increasing operational safety, but the 
improvements have also permitted increases in 
the refueling rates so that it is now possible to 
discharge nearly 27 fuel channels in 24 hr, or 
about three times the initial design rate of the 
machines.! The EDF-2 reactor is equipped with 
two refueling machines, the main machine and 
an auxiliary machine, whereas in EDF-3 the 
French have reverted to a single all-purpose 
device. Among the difficulties encountered by 
the designers of the equipment for these reac- 
tors is the problem of lifting of the last few 
elements in a particular channel when that 
channel is being unloaded under power. Im- 
portant design features of the machines” are 
the baffling arrangements that are used to avoid 
levitation of the final elements by preventing a 
very high loss of head at the top end of the 
channel being refueled. The performance of the 
French refueling equipment will be interesting 
to observe in view of the fact that studies and 
tests are said to account for about 35% of the 
cost of the machines. 

A British paper* relates the experience ob- 
tained with the Bradwell and Latina on-load 
fuel-handling equipment and discusses the in- 
fluence of this experience on the design of later 
machines for the Dungeness and Oldbury reac- 
tors. It is sufficient here to point out two of the 
major conclusions of the paper. The first is 
that the time required for the machine to per- 
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form a certain number of reloading or charging 
operations is considerably longer in practice 
than is indicated by design calculations. These 
differences in time are illustrated by the data 
in Table VII-8 which show that the actual time 
is some 2'/, times as great as the design time. 
It is felt that the required time may be reduced 
to a value of about twice the design time. The 
other conclusion drawn by the British is given 
in the following quotation from Ref. 31: “Mas- 
sive rather than elegant devices give by far the 
best service.” 


Table VII-8 BRADWELL CHARGE-MACHINE 
OPERATING-CYCLE TIMES*! 








Actual Design 
time, time, 
Operation hr hr 
Inspect three channels of fuel and load 
magazine 1%, 
Load three channels of fuel into ma- 
chine 2 1 
Travel machine to gas supply and 
connect vA y 
, : 4 
Pressurize machine y, 
Reinstate previous standpipe and 
prepare new one 3 
Connect machine to standpipe tf, 1p 
Discharge and reload three channels 8 3°), 
Disconnect machine and travel to vent 
point Y, "4 
Depressurize machine oA 
Connect to discharge hole and unload 2 
three channels 2 
Travel to vent point and purge ma- 
chine lf, 
Travel to loading point and connect Y,, Y, 
Total times 201, 8 





Control and 
Instrumentation 


The development of larger and more complex 
reactor plants has had a number of effects on 
plant operating philosophy. There are trends 
(1) toward centralized control,” (2) toward a 
better understanding of, and consequently a 
closer approach to, the temperature limits of 
the various core materials,** and (3), because 
of the very large reactors currently under con- 
struction and operation, toward concentrating 
on the control and stability problems inherent 
in very large cores, particularly with regard 
to spatial variations.” The experience gained 
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through the years, while revealing some prob- 
lems that had not been anticipated in the early 
designs, has served as both a firm foundation 
and an experimental basis for the future opera- 
tion of power reactors.* 


At the time the burst-cartridge detection gear 
was designed for the Calder Hall reactors, no 
Operating experience existed to indicate the 
types of fuel-element failure which might occur. 
Consequently the systems supplied for the early 
reactors were designed to meet a few funda- 
mental requirements for burst-cartridge de- 
tection and were not particularly suited to de- 
tecting properly the types of actual bursts that 
would be encountered during operation. As a 
consequence of reactor operation and the de- 
termination of the most likely modes of fuel- 
element failure, system specifications have 
been more clearly defined. The fast burst, a 
fuel-element failure that gives virtually in- 
stantaneous release of a significant quantity 
of fission products, has been identified as a 
particular failure type, and this type of burst 
makes important the quick-detection-and-loca- 
tion capability that has led to an increase in 
the frequency of group scanning at some ex- 
pense to sensitivity. Since experience with the 
early reactors became available, the burst- 
cartridge detection systems for the British 
reactors have used a combination of the fast 
scan at low sensitivity with a single-channel 
scan of long cycle time. Some of the features 
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of systems designed for later British reactors 
are given in Table VII-9. 


The French G2 reactor was initially equipped 
with a burst-cartridge detection installation 
Similar to that used in the Calder Hall reac- 
tors.' On the strength of experience acquired 
with the Gl reactor, modifications to the G2 
system and development of the G3 system have 
been based on a capability which the French 
feel is important: measuring the time rate of 
the signal as well as an instantaneous absolute 
value. The G3 reactor installation has per- 
formed satisfactorily and has served as the 
basis for the burst-cartridge detection systems 
that will be employed in the EDF reactors. 


Advanced Concepts 
and Future Directions 


The concepts that are classified here as 
“advanced” include the advanced gas-cooled 
reactor, typified by the Windscale AGR, and 
the integrated plant designs that utilize con- 
crete pressure vessels to enclose the entire 
primary system. 


The AGR has been described rather thor- 
oughly in the literature, and here it will suffice 
to say that the reactor was commissioned es- 
sentially on schedule and that its operation since 
commissioning has been entirely satisfactory. 


Table VUI-9 DETAILS OF RECENT BRITISH BURST-CARTRIDGE 
DETECTION SYSTEMS* 








Dungeness Sizewell Oldbury Wylfa 

Reactor No. 1 on load 1964 1965 1966 1968 
Channels in reactor 3932 3784 3308 6156 
Channels per group sample 32 32 8 32 
Period of group scan, min 6.7 Continuous 11 Continuous 
Cycle time per sample, sec 25 60 25 60 
Single-channel scan period, hr 3.7 4.25 4.0 7.1 
Total precipitator units 

per reactor 20 18* 27 29* 
Group sample flow rate at 

precipitator, lb/sec 0.115 0.037 0.115 0.031 
Single sample flow rate at 

precipitator, lb/sec 0.042 0.017 0.042 0.026 
Total circuit mass flow, lb/sec 1.6 5.2 2.4 7.3 
Circuit pressure drop, psi 40—45 40 42—47 55 
Transit time, channel to 

precipitator, sec 6 .9 11 6.7 
Sensitivity (M.D.A.)f . 

Group, mm? 10.0 3.5 2.5 3.8 

Single, mm? 0.57 0.11 0.57 0.13 





*Eight chambers per precipitator unit. 


+Minimum detectable area as determined by an alarm set 25% above background for a 
scanned system and 15% above background for a continuous system. 
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As mentioned briefly before, the AGR type fuel 
elements have undergone no major evolution in 
the past few years: the reactor type is appar- 
ently destined to use the multirod bundle type 
element. Since an element of this type involves 
relatively high fabrication costs per unit weight 
of uranium, favorable economic performance 
requires a rather long fuel life in the reactor. 
This requirement poses a difficult task for the 
designer if it is also imperative to design for 
the minimum possible fuel enrichment; for, in 
the absence of a good low-cross-section ma- 
terial for the fuel jacket, he must design for 
the minimum-thickness jacket of stainless steel. 
A fairly recent development in the AGR fuel 
program is the consideration of the use of plu- 
tonium®’ as the enriched component of the fuel, 
since it is felt in Great Britain that the stock- 
pile of plutonium is growing at a rate which 
will ensure a more than adequate supply of the 
material when fast-breeder reactors become 
commercial. Consequently the British philos- 
ophy appears to be that the thermal reactors 
will be permitted to utilize this “extra” pluto- 
nium if it appears feasible. 

The integrated plants, which are EDF-4, 
Oldbury, and Wylfa, are typified by their com- 
pact arrangements (if such a description can be 
applied to these huge reactors), Although all 
three reactor vessels contain all the principal 
components of the primary circuit, their shapes 
and arrangements are quite different, as indi- 
cated in Table VII-7. EDF-4, for example, 
utilizes a rather tall, thin configuration in 
which the steam generator is located below the 
reactor core. A disadvantage of this scheme is 
the lack of natural-circulation cooling in the 
event all CO, circulators are lost. With the 
over-and-under arrangement of the major com- 
ponents of the primary loop, it follows that the 
EDF-4 pressure-vessel internal space is rela- 
tively small in diameter and quite high, as in- 
dicated in Table VII-7. The basic arrangements 
in Oldbury and Wylfa resemble one another in 
that the steam generators are located peripher- 
ally around the reactor core and at about the 
same elevation as the core. The shapes of the 
internal cavities of the pressure vessels are 
different, however, with the Wylfa station re- 
taining the traditional spherical shape of the 
earlier British stations and with Oldbury using 
a vertical-axis cylinder. 

The directions of future development of the 
planned stations in both Great Britain and 
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France are rather clearly shown by the infor- 
mation presented in Table VII-1 and by the in- 
creases in primary coolant pressure and fuel 
electrical rating shown in Fig. VII-1. What is 
not so clearly shown is the type reactor that 
will be employed for the “next generation” 
plants in these two countries. 

At the time of its conception, the AGR was 
felt to be the logical successor to the Magnox 
stations in Great Britain. Although the AGR 
has performed as expected, there is still the 
problem of minimizing absorption in the fuel 
cladding in order to obtain long fuel lifetimes 
at low values of enrichment. When one makes 
the jump to enriched fuel, a variety of reactors 
enters the picture. Furthermore, although the 
AGR fuel has behaved well to date, the opera- 
tion reported has carried the exposure only to 
the neighborhood of 4000 Mwd per metric ton of 
uranium, a long way from the economic opti- 
mum average burnup of around 20,000 Mwd per 
metric ton of uranium, or even the average 
value of 12,000 Mwd per metric ton of uranium 
which is stated’ to be the target for the first 
charge of an early commercial station. Effort 
is being directed toward the further develop- 
ment of the AGR fuel element along such lines 
as thinner cladding material, basic studies in 
oxide fuels, and the development of plutonium 
enrichment for thermal-reactor fuel. At this 
time the preferred future concept for con- 
struction in Great Britain is not clear, although 
there have been some indications that the Mag- 
nox reactor has about reached the end of the 
line. Whether the AGR type plant will be built 
in large numbers as a Second-generation gas- 
cooled-reactor type is uncertain. The selection 
of a preferred concept for the future will be 
based largely on economic considerations, but 
surely there will be a strong tendency toward 
the gas-cooled type because of the large amount 
of experience accumulated and the advances 
expected of the very large integrated plants 
utilizing concrete pressure vessels. 

In France the directions of future develop- 
ment are clearer: the French like Magnox re- 
actors, and, after some apparent early uncer- 
tainty, they have committed their gas-cooled 
program to the concrete pressure vessel. They 
are developing the integral plant concept with 
the EDF-4, and they will apparently. adopt no 
other new concept in the very near future, al- 
though the performance of EL-4 will affect later 
plans. In France, then, it appears that the Mag- 
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nox reactor can look forward to a relatively 
bright future. 
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The gas-cooled unclad-fuel reactors are char- 
acterized by high coolant temperatures and 
all-ceramic fuels. The two reactors of this 
type which are under construction, the Dragon 
experiment in England’ and the Peach Bottom 
prototype in the United States,’ have not changed 
markedly since their designs were described 
in past issues of Power Reactor Technology. 
Dragon was described in the December 1962 
issue, 6(1): 74, and the Peach Bottom descrip- 
tion appeared in the June 1962 issue, 5(3): 61. 
The Dragon reactor’ achieved initial criticality 
on Aug. 23, 1964, and initial operation of the 
Peach Bottom plant’ is expected in 1965. 

The designation of Dragon as an “experi- 
ment” and of Peach Bottom as a “prototype” is 
explained by the difference in components pro- 
vided for the two plants. The Dragon installa- 
tion is not equipped with power-generating 
equipment —its heat is simply dumped to aheat 
sink— whereas the Peach Bottom plant is pro- 


Table VUI-1 CHARACTERISTICS OF 


Unclad-Fuel Reactors 


vided with the usual electric-power-generating 
components of a power plant. A comparison of 
the characteristics of the two reactors is given 
in Table VIII-1, which contains information 
taken largely from Refs. 4 and 5. 

As seen in Table VIII-1, the coolant outlet 
temperatures for two reactors are identical. 
From an overall point of view, this is perhaps 
the most significant comparison that can be 
made between the two reactors since both use 
the same coolant gas and both have the attain- 
ment of high coolant temperature as a major 
design objective. 

As indicated in Table VIII-1, the Dragon core 
will be loaded with two types of fuel elements. 
Since the core is quite small, its neutron leak- 
age is very high, and it does not, as a whole, 
represent a core typical of larger power re- 
actors. It uses a two-zone loading® to overcome 
this disadvantage and generate information ap- 
plicable to larger cores. The seven center 
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Plant characteristics Dragon Peach Bottom 
Reactor thermal power, Mw 20 115 
Net electric power, Mw None 40 
Coolant gas Helium Helium 
Pressure, psia 294 350 
Inlet temperature, °F 662 652 
Outlet temperature, °F 1382 1382 
Reactor core Vertical cylinder Vertical cylinder 
Height, ft 5.25 7.5 
Diameter, ft 3.5 9.2 
Average power density, kw/liter 14.0 8.3 
Fuel elements Seven-rod clusters Individuai tubes 
Number 37 804 


Fuel material 


Cladding material 
Control elements 

Number 

Location 

Poison material 

Drive location 
Refueling 


Uranium in driver elements; 
uranium and thorium in 
test elements 


Uranium and thorium 


Graphite Graphite 
Rods Rods 

24 36 
Radial reflector Core 
B,C ByC 

Top Bottom 


At shutdown 


At shutdown 
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elements of the core will be representative of 
those which would be used in a large power re- 
actor and will be fueled with auranium-thorium 
mixture. The remaining 30 elements, which 
surround the seven center elements, will con- 
tain no thorium and will serve as driver ele- 
ments that must be replaced at relatively 
frequent intervals. By this means the center 
elements can be irradiated for several years 
and will effectively “see” conditions that would 
be typical of a large power-reactor core. 

Materials developments for the reactor type 
in the United States and the United Kingdom 
have proceeded along quite similar paths. 
Graphites with helium permeabilities as low as 
about 107° cm’/sec have been developed in both 
countries, and fuel-particle development has 
been directed principally toward the design of 
coated particles."® Particle-coating investiga- 
tions are concerned with single, double, and 
triple coatings utilizing pyrolytic carbon and 
Silicon carbide. In addition to the work on 
pyrolytic carbon and silicon carbide, work con- 
tinues in both countries on the development of 
alumina and beryllia. 

The well-known advantages of helium as a 
reactor coolant are restated in the following 
quotation from Ref. 2: 


Helium gas is used as the HTGR system’s cool- 
ant because its chemical inertness and other prop- 
erties contribute to reliable, easily maintainable, 
high temperature plant operation. Helium does not 
react with or corrode any structural material; it 
does not react with steam, water or air. It does not 
undergo a change in phase at operating tempera- 
tures, nor does it solidify at ambient temperature. 
Helium does not parasitically absorb in the reactor 
core, and cannot affect the physics of the reactor; 
it does not become radioactive .... 


There are, however, disadvantages to the use 
of helium, and these center about the fact that 
it is a relatively high-priced gas. The pressure 
of the system must be relatively high in order 
to achieve good heat transfer and heattransport 
with reasonable pumping powers. High pres- 
sure, unfortunately, tends to aggravate the 
leakage problem that exists with helium. Leak- 
age must be minimized because of cost con- 
siderations and, in reactors of the unclad-fuel 
type, because of the relatively high radioactivity 
of the primary coolant. Consequently, the ability 
to fabricate primary coolant systems with a 
very high standard of overall leaktightness has 
been of major importance in the Dragon and 
Peach Bottom plants. Recent tests of the Dragon 
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facility? have been very encouraging in this 
respect since the actual leakage rates en- 
countered were within the specified rate of 
0.1% per day of the gas contained in the circuit. 

Although technologies developed for Dragon 
and Peach Bottom have been extended to con- 
ceptual designs of large nuclear power plants, 
the actual directions of future development of 
plants of this type are not uniquely defined at 
this time. The developers of Peach Bottom 
consider a plant in which a fuel-element purge 
system is employed and fission-product re- 
lease is encouraged in order to obtain con- 
version ratios greater than unity.’ Actually, 
this is the approach that was usedby the Dragon 
designers® in the early stages of the project — 
they envisaged a fuel element that emitted as 
many fission products as possible to the fission- 
product trapping system, thereby obtaining the 
maximuin reactivity benefit through the re- 
moval of neutron poisons from the fuel. How- 
ever, further work showed that some of the 
more important fission products tended to re- 
main in the fuel, although enough did leave to 
require the use of a complicated purification 
system to limit primary coolant activity. Con- 
sequently, the Dragon project does have the 
purge and purification system, but the hoped- 
for reactivity benefits from the removal of 
neutron poisons have not materialized. Recent 
studies, which must be regarded as preliminary, 
indicate that there could be some cost benefit 
associated with the development of a fuel ele- 
ment which could be directly cooled by the main 
helium stream and which would not be supplied 
with the elaborate purging and purification sys- 
tems currently employed in Dragon and Peach 
Bottom. 

The pebble-bed reactor!’ represents a dif- 
ferent version of the high-temperature gas- 
cooled concept. It also uses the fuel in com- 
pletely ceramic form—probably in balls 
containing UC,.-ThC, particles coated with py- 
rolytic graphite, with a graphite shell surround- 
ing each ball—but no attempt is made to draw 
off fission products. The reactor is fueled 
more or less continuously during power opera- 
tion by adding balls to the top of the assemblage, 
which constitutes the active portion of the core, 
and draining off balls from the bottom. Of the 
balls removed, the most highly exposed and 
those which may be damaged are discarded, 
and the good balls of low exposure are recycled 
to the reactor. One of the developmental prob- 
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lems is to find a means of handling and sorting 
the balls. 

The concept is being developed primarily in 
Germany, and an experimental power station of 
15 Mw(e) (the AVR Reactor), built for a group 
of utility companies with financial support from 
the federal government, is reported to be near 
completion inthe Federal Republic of Germany,.!” 
Development is also proceeding toward a large 
reactor of the type. 

It would appear that the development of the 
high-temperature gas-cooled reactor, utilizing 
unclad fuel, must depend heavily on the experi- 
mental information and the operating experience 
gained from the plants now under construction 
or startup. Until this experience has been 
gained, speculation as to the future development 
of these already sophisticated designs should 
be considered as just that. 
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IX Sodium-Cooled Reactors 


Power Reactor Technology 





Technology of Sodium 
Systems 


The two currently important types of sodium- 
cooled reactors are the sodium graphite reac- 
tor and the fast breeder. They differ markedly 
from each other in some characteristics, and, 
moreover, there has been increasing interest 
during the past two or three years in fast 
breeders using other coolants. Nevertheless, 
the technology of sodium cooling is important 
enough to both types to justify discussing them 
together and in terms of the developments in 
sodium systems. 

The Conference produced reviews of heat 
transfer!’? and corrosion®** in liquid- metal sys- 
tems, by both U.S. and Russian authors, of 
value to the designer of sodium-cooled reac- 
tors. The heat-transfer papers, which include 
such practical considerations as burnout, and 
heat transfer in rod bundles, will be particu- 
larly useful. The discussion here, however, 
will be confined to those aspects of sodium 
technology which affect the direction of reac- 
tor development in more obvious, qualitative 
ways. 


Fission Products in Sodium 


One of the important areas of new informa- 
tion is in the behavior of fission products in 
sodium. Investigations by Atomics Interna- 
tional®’® have shown that liquid sodium will trap 
radioiodine quantitatively, and this character- 
istic is expected to be of considerable signifi- 
cance in determining siting criteria for sodium- 
cooled reactors. The Dounreay Fast Reactor 
(DFR) has utilized vented fuel elements, of a 
uranium—20 at.% molybdenum alloy, which pur- 
posely allow the escape of fission products into 
the sodium coolant.’ Russian experience with 
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the BR-5 reactor® has given other information 
on the behavior of fission products in the pri- 
mary coolant system which is worthy of note. 
A brief summary follows. 

The BR-5 reactor, which was fueled with 
plutonium oxide elements in stainless-steel 
jackets, began operation in 1959 and reached 
the design value of fuel burnup (2%) the follow- 
ing year. After a burnup of 2.4% it was noted 
that the residual activity of the sodium, after 
the decay of “Na (half-life, 15 hr), began to 
increase with fuel exposure. Previously the 
residual activity had all been attributable to 
the small amount of 7*Na (half-life, 2.6 years) 
formed by the (7,2) reaction on “Na. Most of 
the new activity was due to '*"Cs. Table IX-1 
shows the growth of this activity, relative to 
the **Na activity, with fuel burnup, and this 
growth is plotted in Fig. IX-1 in terms of the 
total residual activity. During the period after 
the '*"Cs became apparent, '’Xe was detected 
in the argon-gas blanket over the sodium. By 
the time the fuel burnup had reached 5%, alpha 
activity due to plutonium was found in the 
sodium (Table IX-1). 

After 5% burnup the reactor was shut down 
because of trouble with a circulation pump, and 
all the fuel was removed. Of the total of 81 fuel 
assemblies, 18 were found to contain fuel ele- 
ments showing gross leakage of fission prod- 
ucts. After decay of “Na the sodium was 
drained from the primary system, but the 
drainage caused no substantial reduction in the 
activity of the primary system, indicating that 
the fission products were deposited on pipe 
walls and other surfaces in the system. The 
primary system was decontaminated by first 
washing with steam and then with solutions of 
0.5% KMnO,, 5% nitric acid plus 1% oxalic acid, 
and finally with distilled water. This treatment 
reduced the gamma background in the primary 
system cells from several thousand micro- 
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Table IX-1 GROWTH OF ""’Cs ACTIVITY IN BR-5 
PRIMARY COOLANT RELATIVE TO THAT OF 7*Na 








Residual Residual 
activity activity Alpha activity 
Fuel induced induced (dis/min per 
burnup, by 2Na, by 'Cs, gram of Na), 
W) gY Y 4 
2.00 100 
3.20 80 20 
3.90 60 40 
4.55 30 70 
5.00 5 95 50 





roentgens per second to about 10 yr/sec. The 
major activities in the decontamination solu- 
tions were "Cs, Zr, and Nb. The reactor 
was reloaded with 63 of the original plutonium 
oxide fuel assemblies (some of which apparently 
contained leaky elements) and 50 new assem- 
blies containing UO, elements. A bypass circuit 
was installed in the primary line which could 
be valved off at will to allow decay of “Na in 
the bypass line without interrupting operation 
of the reactor. A program of experiments on 
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Fig. IX-1 Growth of the residual activity of the pri- 
mary circuit of BR-5.8 


the behavior of fission products produced the 
following results: 

1, With the reactor operating at 100 kw with 
a sodium outlet temperature of 350°C, 90% of 
the residual gamma activity in the coolant was 
due to '*"Cs, 5% to "Na, and the remainder to 
40Ba, Zr, Nb, and "La. The cesium activity 
level was 4 x 10° dis/min per gram of sodium. 
Draining of sodium from the bypass line de- 
creased the activity of the line by only 10 to 
20%. 
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2. Changes in sodium temperature in the 
primary circuit and in sodium flow rate through 
the bypass section did not produce a noticeable 
effect on the concentration of cesium on the 
inner walls of the circuit. 

3. Heating of the walls of the bypass section, 
while the coolant was circulating, decreased 
the concentration of '°’Cs on the inner walls by 
several times. 

4, With the reactor shut down, after the de- 
cay of “Na, and with the oxide cold traps shut 
down, heating of the walls of the entire pri- 
mary circuit caused the '*"Cs concentration in 
the coolant to increase by several times. After 
the cold traps were put into operation, the 
'37Cs concentration quickly diminished to the 
initial level. In the steady state the cesium 
content of the coolant depends on the cold-trap 
operating conditions; an increase of cold-trap 
temperature from 110 to 185°C caused the 
'7Cs activity in the coolant to increase by a 
factor of 3. 

5. Items of equipment, such as pumps and 
level gauges, which had some parts submerged 
in the coolant and some parts in the cover gas, 
were found to be contaminated by '°"Cs in both 
regions. The contamination was a maximum in 
the region of the interface between sodium and 
cover gas. 

6. The argon cover gas was found to contain 
the following radioactive isotopes in addition to 
41ayp: 133X@, 129m X— 135y¥~ 13505 85Kr, 85Rp, and 
88Rb. The important contributors to the activity 
are !33Xe and !%°Xe, The major components of 
the activity from a sampling during reactor 
operation at 1000 kw were as follows: 


133X@ 4.3 uC/em? 
135Xe 0.95 uC/em? 
133MXe 0.05 uC/em? 
kr 0.017 uC/em? 


The reference calls attention to the fact that 
no fission products with half-lives less than 
2.5 hr were found in the cover gas, although the 
equipment was capable of detecting half-lives 
as short as 5 min. 


Sodium Handling and Cleanup 


The experience in the general handling, clean- 
up, and maintenance of quality of sodium has 
been much greater than the amount of reactor 
operation would indicate, and this phase of 
sodium technology appears now to be well 
understood. This was not the case, however, 
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when the DFR was first commissioned: con- 
siderable trouble was experienced in the initial 
cleanup of the system.*? References 5 and 9 
describe the filling and cleanup of the systems 
for the Hallam Nuclear Power Facility (HNPF), 
the Experimental Breeder Reactor (EBR-II), 
and the Enrico Fermi Fast Breeder Reactor 
(EF FBR). The Russian experience in reloading 
the fuel elements of BR-5 after examination is 
worth noting.® The residual sodium and sodium 
oxide were not removed from the fuel assem- 
blies. The assemblies were reloaded, a few at 
a time, into the reactor sodium system, and 
the oxide was cleaned up by the normal system 
cold traps. The cleanup of carbon from the 
sodium of the Sodium Reactor Experiment (SRE) 
after it had been contaminated by the inleakage 
of Tetralin, as described in Ref. 5, is also of 
interest. 


Despite the routine solution of sodium clean- 
up problems, it is still true that the protection 
of sodium systems from the intrusion of oxygen 
and other contaminants is a consideration of 
primary importance. The removal or replace- 
ment of components in sodium systems is 
always done with great care to preserve the 
cleanliness of the sodium system, and, even 
when the sodium is drained, care is taken to 
maintain the inert atmosphere of the cover gas 
throughout the system. Thus, when it was nec- 
essary to perform fairly extensive repairs to 
the hold-down mechanism of the EFFBR, these 
repairs were made by workmen who entered 
the drained reactor vessel through an air lock 
and worked in gastight suits. The scheme that 
has been used for removing a primary sodium 
pump from the EBR-II reactor, without con- 
taminating the cover gas, is illustrated in Fig. 
IX-2. A system similar in principle has been 
used on the EFFBR for the removal and re- 
placement of components. 


Manipulations Under Sodium 


Experience has continued to affirm that the 
manipulation of components under sodium— 
and particularly the handling of fuel elements 
-in fast reactors, where rather high precision 
is required of the mechanisms— is one of the 
more difficult aspects of sodium technology. It 
has been pointed out frequently that the opacity 
of the sodium, and the resulting necessity of 
carrying out blind operations, adds considerably 
to this problem. Experience with the EFFBR’® 
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has shown that relatively minor malfunctions 
may lead to more Serious results because of 
the difficulty of detecting them. Thus the offset 
handling mechanism was bent in the course of 
the preoperational test program when an attempt 
was made to move it laterally with a partially 
raised dummy subassembly still in the gripper. 
Damage also occurred to the hold-down mecha- 
nism during this program and appears to have 
been increased by the continued use of the 
mechanism after initial slight (and undetected) 
damage caused by the sticking of a dummy sub- 
assembly to one of the fingers of the mecha- 
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Fig. IX-2 Apparatus used to remove the EBR-II so- 
dium pump.” The adapter section, which includes the 
gastight trap door, was installed, with a gastight seal, 
around the shield plug of the pump. The cylindrical 
steel caisson was sealed to the top of the adapter, 
was purged and filled with argon. The shield plug, 
with the pump attached, was then lifted slowly by the 
crane, while the caisson was kept gastight by the 
movable piston and argon was admitted to hold the 
pressure constant. Afler the pump cleared the trap 
door, the door was closed, resealing the reactor 
cover-gas system, and it was no longer necessary to 
maintain the argon atmosphere in the caisson. The 
operation was carried out with the reactor sodium 
temperature at 260°F. After the pump had been with- 
drawn and cooled to room temperature, it was trans- 
ported to the cleaning and repair area inside the 
caisson. 








78 POWER REACTOR TECHNOLOGY 


nism. A “sweep arm” has been installed to pre- 
vent the recurrence of the latter difficulty. 
This sweep arm can be swept in a horizontal 
arc to determine that no core component is 
attached to the hold-down mechanism before 
lateral motion of the mechanism is initiated, 


Preoperational tests of the fuel-handling 
equipment of EBR-II indicated the desirability 
of incorporating means of manual operation of 
the fuel-transfer arm to permit the operator 
to feel any interference that might be present.’ 
This was accomplished by a system of counter- 
weights to balance the weight of the rather 
heavy mechanism. 


Although problems have been encountered 
with the fast reactor fuel-handling systems, it 
appears that they are problems of arriving at 
satisfactory designs for specific pieces of 
equipment rather than general feasibility prob- 
lems. Indeed, the experience with practice han- 
dling of the fuel in both EBR-II and the EFFBR 
indicates that fuel handling is satisfactory once 
the specific troubles have been corrected. The 
British experience with fuel-element handling 
in the DFR appears to have been good from the 
beginning. ' 


Components 


Outside of the reactor itself, the major 
components?” common to sodium-cooled power 
reactors are the pumps, the steam generators, 
and the intermediate sodium-to-sodium heat 
exchangers. The use of the latter, along with 
the second set of pumps and piping required for 
the intermediate sodium circuit, must be reck- 
oned as one of the economic handicaps of the 
sodium-cooled reactor. Apparently it will not 
soon be eliminated, for no recent design has 
appeared without the intermediate sodium sys- 
tem to isolate the radioactive primary sodium 
from the water in the steam generator. Tech- 
nically, no serious problems have been found 
in the design of the intermediate heat ex- 
changer, although the units built to date do not 
approach the capacities that will be required 
for plants of economic size and do not reach 
the temperatures that are ultimately hoped for. 
The three exchangers for the EFFBR plant, of 
143 Mw(t) capacity each, are the largest so far. 
They operate with primary inlet and outlet tem- 
peratures of 900 and 600°F, respectively, and 
secondary inlet and outlet temperatures of 520 
and 820°F. 
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The steam generators designed to date show 
great variety of concept. The HNPF and EBR-II 
units are natural-circulation boilers that use 
double-wall tubes. In the former the sodium is 
on the tube side, whereas in the latter it is on 
the shell side. The EFFBR unit is a once- 
through generator with the water in single-wall 
tubes and sodium on the shell side. The three 
HNPF generators, each of which has a capacity 
of 69 Mw(t) in the evaporator and 16 Mwi(t) in 
the superheater to produce steam at 895 psig 
and 875°F, are the only ones that have operated 
at power. No difficulties have been experienced 
other than the necessity of controlling the water 
level very precisely (within +1 in.) to give 
satisfactory operation without excessive carry- 
over of water. The design, which utilizes re- 
entrant tubes to circumvent thermal-expansion 
problems, has been described previously in 
Power Reactor Technology, 5(3): 44-47. 

The once-through design of the three EFF BR 
steam generators is shown in Fig. IX-3. Be- 
fore operation the tubes of one of these units 
were found to be cracked at the bends asa 
result of stress corrosion. The corrosion was 
attributed to residual cleaning solution contain- 
ing sodium hydroxide and sodium nitrate. During 
isothermal operation, after about two weeks of 
test with maximum sodium flow, several tubes 
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failed in another of the units. The resulting 
sodium-water reaction generated enough hydro- 
gen to break the rupture disk (see Fig. IX-3), 
which was set at 60 psi. All systems designed 
to accommodate such a reaction functioned 
satisfactorily, and the separator collected all 
the sodium expelled from the unit. This in- 
advertent demonstration of the ability to ac- 
commodate a large sodium-water reaction is 
considered an important contribution to steam- 
generator development.”” The tube failure was 
attributed to flow-induced vibration of the tubes 
opposite the sodium inlets. Baffles and tube 
clips have been installed to correct the trouble. 

It is stated’! in the description of the pro- 
posed BN-350 fast-breeder reactor in the USSR 
that the steam generator will be of the natural- 
circulation type, with a single separating wall 
between sodium and water. The choice of single- 
wall construction is said to have been sub- 
stantiated by a number of experiments on wall 
ruptures, and sodium-water and sodium-steam 
interactions, in models of steam generators. 

In the studies of large advanced sodium 
graphite plants,’ there has evolved the concept 
of steam-generator systems made up of many 
low-capacity modules. Separate modules are 
proposed for the evaporator, superheater, and 
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reheater functions, each with a capacity of 12 
to 15 Mw(t). The superheat and reheat modules 
would be of stainless steel, and the evaporators 
would be of chrome-molybdenum steel. All 
modules are of vertical, once-through design, 
with single-wall tubes and with the sodium on 
the shell side. The problems of caustic and 
chloride stress corrosion are minimized by 
avoiding crevices and by the use of ferritic 
steels for the evaporator modules, The justifi- 
cation for the use of single-wall tubes is the 
choice of shell thickness adequate to contain 
full steam pressure for short periods of time, 
plus the provision of rupturable membranes, 
spaced axially along the shell length, to rupture 
below full steam pressure and direct any re- 
action products resulting from a tube break to 
a relief tank. The modular array is expected 
to allow the isolation and removal from service 
of any unit that may give trouble, with a mini- 
mum effect on plant availability. 

The most definite development in sodium 
components seems to be the virtual abandon- 
ment of electromagnetic pumps in favor of 
mechanically driven centrifugal pumps. The 
characteristics of the pumps for HNPF, EBR-II, 
and EFFBR are listed in Table I[X-2, and 
drawings of the primary pumps for the three 


Table IX-2) DESIGN CHARACTERISTICS OF SODIUM PUMPS FOR HNPF, EBR-II, AND EF FBR 











HNPF EBR-II EFFBR 

Primary system pumps 

Type Mechanical free surface Mechanical free surface Mechanical free surface 

No. of units 3 2 3 

Capacity, gal/min 7200 5500 11,800 

Dynamic head, ft 160 200 310 

Design temperature, °F 1000 800 1000 

Motor speed, rpm 900 1075 900 

Motor power, hp 350 350 1060 


Sealing arrangement 


Material 
Type of speed control 


Manufacturer 


Secondary system pumps 





Type 

No. of units 
Capacity, gal/min 
Dynamic head, ft 


Design temperature, °F 


Motor speed, rpm 
Motor power, hp 
Sealing arrangement 


Material 
Type of speed control 


Manufacturer 


Mechanical shaft seal 


304 S.S. 

Eddy-current 
coupling 

Byron-Jackson 


Mechanical free surface 


Mechanical shaft seal 

304 S.S. 

Eddy-current 
coupling 


Byron-Jackson 


Totally enclosed drive 
motor 

304 S.S. 

Variable frequency 
and voltage 

Byron-Jackson 


A-c linear induction 

1 

6500 

142 

700 

1180 (motor-generator 
set) 

500 (motor-generator 
set) 

Total metal enclosure 

304 S.S. 

Variable voltage 
(motor-generator 
set) 

General Electric 


Mechanical shaft seal 


304 S.S. 

Wound rotor motor 
with liquid rheostat 

Byron-Jackson 


Mechanical free surface 
3 
13,000 
100 
1000 
900 


350 

Mechanical shaft seal 
24%, Cr—1 Mo 
Eddy-current 


coupling 


Byron-Jackson 
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Fig. IX-4 


reactors are shown in Fig. IX-4, The EFFBR 
pumps have been operated for more than 7000 
hr without difficulties. Some troubles with bind- 
ing have been experienced with both the HNPF 
and EBR-II pumps, and, in both cases, insuf- 
ficient clearances and misalignment (possibly 
due to uneven temperature distribution in the 
pump casing in HNPF and to warpage of the 
three-piece welded shaft in EBR-II) are judged 
to be at least partially responsible. The dif- 
ficulties are believed to be incidental rather 
than basic, and extrapolation of centrifugal 
pump designs to large sizes is considered 
feasible.'” 


Sodium Graphite 
Reactors 


Status and Operating Experience 


The development of the sodium graphite re- 
actor has centered around the SRE, a 20-Mwi(t) 


Primary system sodium pumps for HNPF, EBR-II, and EFF BR.?° 


experimental plant, and the HNPF, a 75-Mw(e) 
generating plant operated by the Consumers 
Public Power District of Nebraska for the 
Atomic Energy Commission. The SRE began 
operation in 1957, and most of the nonroutine 
items of operating experience have been re- 
viewed in past issues of Power Reactor Tech- 
nology. The major problems were those re- 
sulting from the leakage of Tetralin into the 
primary coolant system |Power Reaclor Tech- 
nology, 3(2): 60-64 (March 1960); 5(1): 84-87 
(December 1961)| and the unexpected power 
coefficient of reactivity due to the bowing of 
fuel elements |Power Reactor Technology, 6(1): 
57-61 (December 1962)|. Both of these prob- 
lems were incidental rather than fundamental 
and have been corrected. The first core, of 
unalloyed uranium metal, was run to a maxi- 
mum exposure of 1200 Mwd/ton, and the fuel 
exhibited volume changes of 8 to 9%, Exposures 
of about 5000 Mwd/ton have been attained with 
the second core, of metallic thorium-uranium 
fuel, with little dimensional change. The SRE 
is now being modified to raise the power level 
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from 20 to 30 Mw(t) and the sodium outlet tem- 
perature from 950 to 1200°F; the new fuel 
loading will consist of uranium carbide ele- 
ments designed to operate at central tempera- 
tures in the range from 1700 to 2000°F. 


The design of the HNPF was reviewed in 
Power Reactor Technology, 5(3): 39-51 (June 
1962). The plant first attained the design power 
level in July 1963. The fuel elements, of ura- 
nium—10% molybdenum, have accumulated peak 
exposures of more than 1200 Mwd/ton. The 
main problems encountered in operation were 
the following: 


1. Helium was entrained in the main sec- 
ondary sodium loops from the cover gas in a 
tank that was provided to accommodate sodium 
expansion and to provide a low-velocity free 
surface for degasification. The entrainment oc- 
curred because of the formation of a vortex at 
the exit of the tank. The trouble was corrected 
by bypassing over 90% of the sodium flow past 
the tank. This does not negate the effectiveness 
of the tank for its intended function. 


2. Leaks developed in one of the intermediate 
heat exchangers because of flow-induced vibra- 
tion of the peripheral tubes. The trouble was 
corrected by installing support shims in all 
of the six heat-exchanger units. 


3. Some of the Zircaloy-2 control-rod thim- 
bles failed because of hydriding and resulting 
embrittlement. The hydrogen apparently came 
from titanium hydride shields placed in the 
thimbles to counter neutron streaming. The 
trouble was corrected by replacing the Zir- 
caloy-2 thimbles with stainless-steel thimbles; 
the resulting reactivity loss was about 0.7%. 
A circulating-gas and hydrogen-removal sys- 
tem was also added to the control-rod-thimble 
gaS-purge system. 


The first of these difficulties, the entrain- 
ment of gas in the coolant, appears to bea 
potential problem to be aware of in the design 
of sodium systems, Both the DFR*® and the 
BR-5 fast reactor® experienced troubles with 
cover-gas entrainment in the coolant of the 
primary loop. 


Development of Uranium Carbide Fuel 


Although uranium carbide fuel!” may be at- 
tractive in other applications, its development 
has received the greatest impetus from the 


SODIUM-COOLED REACTORS 81 


sodium graphite reactor program, and fore- 
casts of future developments of the sodium 
graphite reactor are based on the use of the 
carbide fuel. The carbide is compatible with 
sodium and has the advantage, in comparison 
with uranium metal, of good stability under 
irradiation. Compared with uranium oxide, the 
carbide has the advantages of higher density 
(13.0 g/cm’) and much higher thermal con- 
ductivity | about 0.23 watt/(cm)(°C)|. The latter 
advantages are particularly important in the 
sodium graphite reactor, where it is better to 
use rather massive fuel elements in order to 
minimize neutron losses to cladding and cool- 
ant, without sacrificing the high heat fluxes 
that the cooling properties of sodium make 
possible, 


Ordinarily, uranium monocarbide (UC, 4.80 
wt.% carbon) is used, but acceptable perform- 
ance does not appear to depend upon the attain- 
ment of the exact stoichiometric composition. 
Most experience with the carbide elements has 
been accumulated with the slightly uranium- 
rich composition (hypostoichiometric) in arc- 
cast slugs with sodium-bonded stainless-steel 
jackets. The results of capsule irradiations are 
summarized in Table IX-3. 


Reactor experience with full-size carbide 
elements began in June 1963 when two full- 
length elements were placed in the second core 
of the SRE. In September 1963, 10 full-size 
carbide elements began operation in the HNPF 
reactor. Experience to date with both groups of 
elements is described as entirely satisfactory.” 
The second full-core loading for the HNPF 
reactor will consist of 171 carbide elements, 
essentially the same in design as the 10 ele- 
ments currently installed. The fuel-element 
design data for the HNPF carbide elements, and 
for two projected designs of large sodium 
graphite reactors (LSGR) are given in Table 
IX-4. The anticipated performance is believed 
to be compatible with test experience to date.” 
The design criteria that led to the data given 
in Table [X-4 are discussed in Ref. 5. 


Higher specific powers than those shown in 
Table IX-4 are thought to be possible — linear 
power ratings up to 50 kw/ft, corresponding to 
central temperatures of about 2400°F —but 
close control of the carbide composition to the 
stoichiometric value would probably be neces- 
sary to yield high-burnup capability in this 
temperature range.” 
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Table IX-4 DESIGN DATA FOR CARBIDE FUEL ELEMENTS FOR SODIUM GRAPHITE REACTORS!” 








81-Mw(e) 200- to 250-Mwée) 1000-Mw/(e) 
HNPF core I LSGR prototype LSGR 
(operating) (projected) (projected) 
Materials 
Fuel (all hypothetically UC) 4.4 to 4.8 wt.% C 4.5 to 4.8 wt.% C 4.6 to 4.8 wt.% C 
Cladding 304 S.S. 304 S.S 304 S.S. 
Bond Sodium Sodium Sodium 
Enrichment, wt.% *U 3.7 and 4.9 3.8 3.6 
Element 
No. of rods 8 18 18 
U content, kg/element 146 124 124 
Peak specific power, kw/kg of U 18 52 72 
Fuel-slug diameter, in. 0.872 (2.22 cm) 0.500 (1.27 cm) 0.500 (1.27 cm) 
Active fuel length, ft 13 (3.96 m) 14 (4.26 m) 14 (4.26 m) 


Total fuel-rod length, ft 
Cladding thickness, in. 
Sodium annulus thickness, in. 


Design criteria 


15 (4.57 m) 
0.010 (0.25 mm) 
0.030 (0.76 mm) 


18 (5.49 m) 
0.010 (0.25 mm) 
0.025 (0.63 mm) 


18 (5.49 m) 
0.010 (0.25 mm) 
0.025 (0.63 mm) 


Fission-gas release, % of total produced 3 3 3 

Maximum cladding strain, % 0.5 0.5 0.5 

Peak cladding temperature, °F 1005 (542°C) 1250 (676°C) 

Peak fuel temperature, °F 1600 (876°C) 1750 (955°C) 2000 (1095°C) 
Average burnup, Mwd/metric ton of U 15,000 25,000 25,000 
Maximum fuel-volume increase, % 17 17 17 
Fuel-diameter increase, % 7 5.3 (average) 5.3 (average) 


Maximum rod linear power, kw/ft 
Maximum heat flux, Btu/(hr) (sq ft) 
Mixed mean temperature, coolant outlet, °F 


28 (920 watts/cm) 
207,000 (128 watts/cm?) 
945 (508°C) 


24 (788 watts/cm) 
549,000 (173 watts/cm?) 
1150 (620°C) 


35 (1150 watts/cm) 


1150 (620°C) 





Directions of Future Development 


Studies by Atomics International on large 
sodium graphite reactors are the sources for 
projections of the direction of development for 
the reactor type. With regard to performance, 
the main effort is in the direction of higher 
specific power (Table IX-4) and higher tempera- 
ture. Conversion ratios above about 0.5 are 
not predicted for the reactor type.’ Reference 
5 states that supercritical steam pyeSsures can 
be justified economically for plants above 400 
Mw(e) capacity, whereas subcritical pressures, 
from 1800 to 2400 psig, would be used for 
smaller plants. Table IX-5 shows projected 
conditions for reactors in the two size ranges. 
In either case the projection calls for an in- 
crease in the primary sodium outlet tempera- 
ture to 1150°F, from the 945°F used in HNPF. 


Table [X-5 


As mentioned above, the modified SRE is to 
operate with a sodium outlet temperature of 
1200°F. 


Perhaps the most annoying problem of the 
sodium graphite reactor is that of separating 
the sodium from the graphite moderator. In 
the SRE and HNPF, the approach is to can the 
moderator in sizable units in zirconium or 
steel cans. The advanced design studies for 
large reactors use a calandria design, with the 
sodium flowing through the calandria tubes. 
This approach is expected to permit higher 
sodium temperatures and higher power density 
while the parasitic loss of neutrons is being 
reduced. 

Standardization and modular construction are 
features of the advanced designs which are 
expected to reduce costs. A common height of 


TYPICAL PROCESS CONDITIONS FOR SMALL 


AND LARGE FUTURE SODIUM GRAPHITE PLANTS® 





200 to 400 Mw(e) 400 to 1000 Mwée) 








Steam conditions, psig/°F/°F 
(kg/em?/°C/°C) 

Final feedwater temperature, °F (°C) 

Reactor sodium outlet temperature, °F (°C) 

Intermediate heat-exchanger log mean 
temperature difference, °F (°C) 

Reactor sodium inlet temperature, °F (°C) 

Net efficiency, % 


3500/1000/1000 
(246/538/538) 


2400/1000/1000 
(168.5/538/538) 


473 (245) 512 (267) 
1150 (621) 1150 (621) 
75 (24) 90 (31) 
750 (400) 750 (400) 
41.8 43.6 
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14 ft is projected for reactors ranging in ca- 
pacity from 200 to 1000 Mw(e), and a fuel-slug 
diameter of '/, in. is thought to be near the 
optimum. A basic loop of 250 Mw(e) capacity 
is considered to be a practical module for the 
primary coolant system. The modules for the 
steam generators are of much lower capacity, 
12 to 15 Mw(t), as described in the preceding 
general discussion of sodium-system compo- 
nents. 


Fast-Breeder Reactors 


There is general agreement that the fast 
breeder will be needed in the long term, al- 
though opinion varies as to how soon the need 
will be serious. Most of the countries with 
major nuclear power programs are pursuing 
development programs aimed at achieving large, 
economically competitive, fast-breeder power 
plants in the next 10 to 15 years. In England 
and France, where the current nuclear power 
generation is based on natural uranium, the 
intention is to start the fast breeders on 
plutonium from the thermal reactors; and, 
indeed, some of the incentive for fast-breeder 
development seems to be the desire to do 
something with the accumulating plutonium. In 
the United Kingdom, at least, the plutonium 
stocks are expected to become large several 
years before enough fast breeders are in com- 
mercial use to absorb them.'® In France the 
accumulation of plutonium is expected to be 
something over 4 tons by 1975. This amount is 
considered to correspond approximately to the 
supply for a first large breeder plant.” 


In the United States and the USSR, where en- 
riched uranium is the fuel for practically all 
Single-purpose power reactors, no great em- 
phasis has been placed on coordinating the de- 
velopment of fast breeders with the growth of 
the plutonium stockpile. In the United States a 
considerable analytical effort is devoted to 
determining the dollar value of plutonium for 
thermal-reactor fuel, in addition to substantial 
development efforts aimed at utilizing the plu- 
tonium in the thermal-reactor application. In 
the USSR the economic potential of the fast 
breeder seems to be regarded more highly than 
elsewhere, and the forecasts appear to predict 
its economic superiority even when fissile iso- 
tope is not in short supply. 
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The more favorable Russian estimates may 
be due, in part, to the different approach used 
in economic analyses. Instead of trying to 
evaluate a reactor type by fitting it into an 
existing complex of mining, transportation, 
fabrication, processing, and power transmis- 
sion facilities, the Russians apparently try to 
evaluate the effort involved in setting up this 
entire complex for the reactor type in question. 
This type of approach is also used in evaluating 
nuclear power vs. coal power. Apparently much 
of the attractiveness of the fast breeder stems 
from the expectation that doubling times may 
be achieved which are short enough to provide 
for the expansion of nuclear plant capacity 
without requiring any large expansion of mining 
operations or enrichment facilities, as indicated 
by the quotation from Ref. 15: 


Most profitable and at the same time providing 
for the most effective use of nuclear fuel is a de- 
velopment of nuclear power with the priority given 
to fast 500 to 1000 MWe reactors with a mixed ura- 
nium and plutonium fuel cycle and the increase of 
the proportion of plutonium breeder reactors. 

Such a trend would require small scale indus- 
tries for production and chemical reprocessing of 
core fuel elements and moderate capacities for 
production and chemical reprocessing of blanket 
fuel elements as well as for reenrichment of the 
core fuel with the plutonium produced in the reac- 
tor, enriched fuel being required only to provide 
the initial load of every new reactor and one or two 
of its refuelings. 

No constant expansion of uranium mining or en- 
richment industries will be required; nor practi- 
cally will the power industry be dependent on these, 
because two or three sets of fuel cores are a suf- 
ficient ‘‘trigger pulse’’ for further operation of re- 
actors that would be self sustaining and at the same 
time provide a certain plutonium excess for new 
capacities at the rate of eight to ten per cent of 
annual power increase. This rate can be consid- 
erably increased through the use of fissionable 
materials formerly intended for defense purposes. 
Such possibilities are opened up in the Statement 
made by N. S. Krushchev, Chairman, USSR Council 
of Ministers on the 21st April 1964. 


The relatively low estimate of investment in 
fuel-cycle installations for the fast breeder 
(includes mining, ore processing, and trans- 
portation investment, as well as investment for 
chemical processing and fuel fabrication) is 
indicated in Table IX-6, which summarizes 
some of the results of a Russian study of fu- 
ture nuclear power possibilities.'® Surprisingly 
enough, the unit investment in the power station 
itself is also estimated to be somewhat lower 
for the fast breeder than for the water-mod- 
erated reactor. 
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Table IX-6 ESTIMATES FOR THE FUTURE* OF REQUIRED UNIT INVESTMENTS AND 
POWER PRODUCTION COSTS FOR SEVERAL NUCLEAR PLANT TYPES IN THE USSR‘ 





Water-cooled 
graphite slightly 





enriched-uranium Water-cooled 
Gas-cooled Heavy-water reactors with water-moderated Fast 
graphite natural- organic natural- steam superheating slightly enriched- sodium 
uranium reactors uranium reactors in the core uranium reactors reactors 
Mean unit investment, 
roubles/kw(e) 
Investments in nuclear 
power stations 179 (75%) 186 (80%) 114 (66%) 135 (66%) 127 (79%) 
Investments in fuel-cycle 
installations 60 (25%) 46 (20%) 59 (34%) 70 (34%) 34 (21%) 
Total investment 239 232 173 205 161 
Mean power production cost, 
kopeks/kw-hr 0.40 0.42 0.43 0.48 0.33 





*These estimates are from a study covering the period up to 1980. They are based on plants in the 500- to 1000- 


Mwéee) range. 


Problem of the Large Reactor 


Although there has been considerable de- 
velopment in fast breeders since the 1958 
Geneva Conference, the significance of an im- 
portant part of the development has been more 
in the revealing of basic difficulties than in the 
solution of them. Specifically, the developments 
in fast reactor physics and safety analysis, and 
their application in large-reactor design studies, 
have shown that there is a fundamental problem 
in extending the design of sodium-cooled fast 
breeders from small units to large ones: the 
problem of preserving an inherently negative 
power coefficient of reactivity under all credible 
circumstances. 


In small fast reactors it was clear that, 
once the fear of a substantial positive Doppler 
coefficient of reactivity due to the fission 
resonances was allayed, the power coefficient 
of reactivity could always be made inherently 
negative, at least so long as the mechanical 
structure of the core remained intact. The ma- 
jor components of the power coefficient were 
due to: the linear expansion of fuel elements, 
which increases neutron leakage by reducing 
the average density of fuel in the core; the 
Doppler coefficient, either very small (if there 
was little fertile isotope in the core) or nega- 
tive; and the reduction of sodium density by 
thermal expansion or boiling. The latter was a 
negative component because its major effect 
was to increase neutron leakage, and this effect 
was considerably larger than other, positive 
effects, such as the effect of neutron absorption 
by sodium. Experience with EBR-I had, of 
course, shown that the thermal bowing of fuel 


rods could lead to positive contributions [see 
Power Reactor Technology, 5(2): 24-29], but with 
suitable mechanical design this possibility could 
be eliminated. The designer could count on a 
negative power coefficient that, if large and 
fast acting, could be a substantial help in 
countering the effects of accidental power ex- 
cursions or, if small or slow, would at least 
not compound the effect of such an excursion. 

As much larger reactors were investigated, 
with relatively high ratios of fertile-to-fissile 
isotope in the core, it became clear that it was 
very difficult, if not impossible, to preserve 
the negative character of the sodium-voiding 
component of the power coefficient. Also, this 
component could be so large as to override all 
negative components and increase the reactivity 
by the order of dollars in some cases of sub- 
stantial sodium loss from the core. This is 
partly because the neutron-leakage effect be- 
comes smaller as the core size is increased. 
However, in the relatively “soft” neutron- 
energy spectrum that exists in the large dilute 
core, the “hardening” of the spectrum due to a 
decrease in moderation by sodium also results 
in a reactivity increase. The reactor physics 
aspects of the sodium coefficient and other re- 
activity coefficients were discussed at length in 
Power Reactor Technology, 1(2). 

Once it is clear that a real threat of a net 
positive coefficient exists, the problems of 
evaluating it and its significance become very 
complex. It soon becomes evident, for example, 
that the overall sodium-void coefficient for the 
core is not the only consideration. The designer 
and the safety analyst must consider the local 
-alue of the coefficient at the point in the core 
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where boiling would start first in the event of a 
power excursion or a cooling interruption. 
Usually the coefficient is found to be more 
highly positive in these higher power regions 
of the core. The process of optimizing the 
power coefficient through the proper adjustment 
of design variables is a complex one because 
all components of the coefficient respond to 
changes in these variables, and the designer is 
apt to find, for example, that a design change 
which reduces the positive nature of the sodium- 
void coefficient will also reduce the magnitude 
of the desirable, negative Doppler coefficient. 
Finally, the evaluation of the coefficients by 
neutron physics analysis is a very complex 
problem that still involves large uncertainties. 

Although fast reactor theory is, in many 
respects, the most sophisticated branch of 
neutron physics, its inadequacies become ap- 
parent when it is applied to the evaluation of 
complex reactivity coefficients. These inade- 
quacies are not due to any deficiencies of funda- 
mental understanding but to the sheer range 
and detail of data that must be handled (and 
must be available from experimental measure- 
ment). It is still possible that further develop- 
ments in neutron physics may ease the problem 
of the power coefficient. For example, the 
French results summarized in Table IX-7 
indicate that calculations which take into ac- 
count the self-shielding of resonances predict 
a much more favorable sodium-void coefficient. 

It should be made clear that the reactivity- 
coefficient problem does not appear to be a 
problem of normal reactor operation, but one 
that affects the prognosis for the course of a 
hypothetical accident. The seriousness with 
which the problem is viewed varies widely from 
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group to group and from country to country, 
and reactions vary from a rather casual rec- 
ognition of the problem to the initiation of 
searches for alternate fast reactor coolants. 

In the United States there does not appear to 
be any widespread inclination to doubt sodium 
as the optimum coolant for fast breeders, but 
the problem of the sodium coefficient of re- 
activity is taken quite seriously. It appears 
unlikely that any easy solution of general ap- 
plicability will be found. However, individual 
solutions for specific designs will be found 
through detailed and exhaustive safety analyses. 
This implies that fast reactor physics, safety 
experiments, and methods of safety analysis 
will continue to get much attention in the United 
States and probably abroad. The current em- 
phasis on these fields is attested by the papers 
at the Conference, listed as Refs. 16 to 25. The 
papers are too detailed for review here, but 
they contain much pertinent and useful infor- 
mation, 


Fast Reactor Fuels 


Although most of the general considerations 
involved in the selection and development of 
fuels for thermal reactors apply also to fast 
breeders, their relative importance is different. 
In addition, in fast reactors the effects of the 
fuel on reactivity coefficients and on reactor 
behavior in hypothetical accidents must be con- 
sidered carefully. 

Even the largest fast breeders must use fuel 
of relatively high enrichment. For a given 
method of fuel processing, high enrichment 
leads to high processing costs (per unit of fuel 
comprising fissile-plus-fertile isotope) because 


Table IX-7 INFLUENCE OF RESONANCE SELF-SHIELDING ON 


SODIUM- VOID COEFFICIENT AND BREEDING RATIO"4 


(Spherical, 2886- Liter Core with Oxide Fuel; Fuel Volume Is 35% of Core Volume; 
Fissile Isotope Is “Pu; and Fertile Isotope Is 738U) 





Sodium-void coefficient,* 








5 ° Internal Total 
10™* (k/k)/*C breeding breeding 
238U/23%pu —s-dDiffusion Absorption Degradation Total ratio ratio 
Without self- 
shielding 6.25 — 9.736 + 0.072 + 1.361 + 0.697 0.916 1.455 
With self- 
shielding 6.86 —0.775 + 0.080 + 0.597 — 0.098 0.874 1.408 





*The calculation breaks the sodium-void coefficient down to the components of neutron diffusion (leak- 
age), absorption by sodium, and the effect of sodium in degrading the neutron-energy spectrum. The cal- 
culations show a big reduction in the latter (positive) effect when resonance self-shielding is taken into 
account. The sodium-void coefficient is expressed in terms of a sodium-temperature coefficient, via the 
volumetric coefficient of expansion of sodium. 








Winter 1964-1965 


of the criticality problems and the high cost of 
fuel losses. Moreover, the high enrichment 
necessitates high specific power if fuel-inven- 
tory costs are to be kept within reasonable 
bounds. This in turn requires a highly sub- 
divided fuel structure that usually involves high 
fabrication costs. Further increases in pro- 
cessing and fabrication costs (relative to ther- 
mal reactors) tend to result from the necessity 
for recycling plutonium (or **°U) and possibly 
from the necessity of processing blanket fuel 
as well as core fuel. The attainment of low fuel 
cost in the fast reactor therefore appears to 
require either that inherently cheaper methods 
of processing and fabrication be found, relative 
to those used for thermal-reactor fuel, or that 
the exposure lifetime of the fuel be increased 
greatly beyond that which is acceptable for 
thermal reactors. The relative insensitivity of 
the neutron economy of the fast reactor to the 
presence of some materials that would absorb 
neutrons strongly in a thermal reactor assists 
in both these directions. It permits the use of 
fuel jackets that are rather thick relative to the 
fuel element. It also makes the neutron econ- 
omy rather insensitive to the fission-product 
burden of the reactor, so that long exposures 
do not degrade the neutron-physics perfor- 
mance importantly; and it removes the neutron- 
physics requirement for complete fission- 
product removal during processing. 


It appears to be the result of cost studies that 
if oxide fuel elements are used in fast breeders, 
the attainment of acceptable fuel costs requires 
average fuel exposures of about 100,000 Mwd/ 
ton. Documentation of the conclusion is not 
easy to find, but it is implied by the frequent 
use of this exposure in economic studies of fast 
breeders. Processing and fabrication estimates 
for oxide elements should be more reliable than 
estimates for other types, because of the more 
extensive experience with oxide in the United 
States. Irradiation tests have indicated that ex- 
posure lifetimes of 100,000 Mwd/ton are indeed 
possible for mixed uranium-plutonium oxide 
elements of types acceptable for fast breeders.”° 
Consequently it is tempting to conclude that 
oxide fuel elements are essentially proved as 
practical elements for the fast breeder. Cer- 
tainly it appears that the oxide, although it may 
not ultimately prove to be best, offers the most 
Straightforward approach to a feasible fast- 
breeder fuel element. But more extensive ir- 
radiation experience is required, and the gap in 
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experience, between processing and fabrication 
of uranium oxide elements for thermal reac- 
tors and comparable experience with the ura- 
nium-plutonium oxide elements for fast breed- 
ers, must not be overlooked. 

Design characteristics of fuel rods proposed 
for the Fast Ceramic Reactor (Table IX-8) are 


Table IX-8 PROPOSED DESIGN CHARACTERISTICS OF 
FUEL ELEMENTS FOR THE FAST CERAMIC REACTOR*® 





Form of element Rod 

Fuel composition 80 wt.% UO,—20 wt.% Pus, 
solid solution 

0.220-in.-diameter pellets, 
pressed and sintered 


Form of fuel 


Fuel density, % of 95 
theoretical density 
Jacket AISI 347 S.S. tubing 
Jacket outside diameter, in. 0.250 
Jacket thickness, in. 0.015 


Fuel length, ft 2 to 4, depending on reac- 


tor design 





considered typical for oxide elements.” Pre- 
liminary. estimates of the fabrication cost, for 
a production rate corresponding to 3000 Mw(e) 
of generating capacity, yield $211 per kilogram 
of uranium and plutonium in the core. This 
corresponds to a fuel-fabrication contribution 
to the power cost of 0.29 mill/kw-hr for an 
average exposure level of 100,000 Mwd/ton. 

British work on the irradiation of oxide fuels 
is summarized in Ref. 27. It calls attention to 
erratic behavior with respect to fission-gas 
release, and another British paper” cites oxide 
fuel-element designs for fast reactors in which 
plenum volumes are left in the element, for the 
accommodation of fission gases, of volume equal 
approximately to the volume of fuel. 

With respect to reactivity coefficients, the 
Doppler component of the power coefficient is 
usually strongly negative in oxide fuels con- 
taining high proportions of fissile isotopes. 
This characteristic, which results from the 
strong dependence of the average fuel tempera- 
ture on the power level, is of course desirable. 
It is usually assumed that no important nega- 
tive component of the power coefficient due to 
axial expansion of the fuel can be counted on in 
oxide cores because of the uncertainty as to 
how an element composed of cracked oxide will 
expand thermally. The Britishirradiations have 
shown much less cracking of PuO,-UO, samples 
than of pure UO, samples.”’ However, it is 
questionable whether this difference will be 
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significant from the point of view of the thermal- 
expansion behavior of the fuel element. 


Metallic fuel elements have been used in the 
fast reactors EBR-I, EBR-II, EFFBR, andDFR. 
They have many attractive features for the 
fast-breeder application, but it seems question- 
able whether satisfactory resistance to radia- 
tion damage can be achieved, at least with 
plutonium-uranium elements. 

In the United States the use of metal fuel has 
been coupled with the concept of pyrometallurgi- 
cal processing of the fuel, and the EBR-II plant 
includes facilities for such processing and on- 
site remote fabrication by casting techniques. 
Although there are still large uncertainties in 
the costs of these processes for a large-scale 
plant—as indeed there are also uncertainties 
in the costs of processing and fabrication of 
oxide fuels for the fast breeder—the current 
U.S. paper on fast-breeder fuel economics”? 
does not forecast substantial cost advantages 
for them. Consequently it appears that the ex- 
posure goals for the metal fuels must lie at 
least as high as 40,000 to 60,000 Mwd/ton, or, 
roughly, 4 to 6 at.% burnup. 

The uranium-fissium* alloys show at least 
some encouraging performance under irradia- 
tion: at 600°C, for example, uranium—5 wt.% 
fissium alloy shows a swelling rate of about 
8% volume increase per atomic percent burn- 
up.’ However, uranium-plutonium-iron alloys 
swell badly even at relatively low temperatures. 
The alloy uranium—20 wt.% plutonium—10 wt.% 
fissium, for example, increases about 20% in 
volume per atomic percent burnup at an ir- 
radiation temperature of 400°C (Ref. 30). It 
has been found possible, however, to restrain 
the swelling by the use of sufficiently strong 
jackets on the metallic fuel. Once the fuel 
swells to the point that it begins to press 
against the jacket, the internal pressure gen- 
erated within the fuel by fission gases must be 
resisted, essentially by the strength of the 
jacket alone. The exposure lifetime then de- 
pends on the tensile strength of the jacket ma- 
terial, the diameter and thickness of the jacket, 
and the fractional void volume built into the 
element as an allowance for radial swelling. In 





*The term ‘‘fissium’’ is used to designate the mix- 
ture of fission products, comprising molybdenum, 
ruthenium, technetium, palladium, zirconium, rho- 
dium, and niobium, left in the exposed fuel after pyro- 
metallurgical processing. 
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its simplest form such an element is con- 
ceived as a rod of the fuel material inside a 
tube of the cladding material, with a sodium- 
filled annular space (initially) between fuel and 
jacket. Figure IX-5 shows the calculated effects 
of cladding-wall thickness and radial clearance 
(given in terms of the inner diameter of the 
jacket for a constant fuel diameter) on the 
achievable burnup for uranium-plutonium-iron 
elements. 
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Fig. IX-5 Calculated effect of cladding thickness and 
internal diameter on the achievable burnup in 3.65- 
mm diameter uranium-plutonium-fissium alloy rods 
undey EBR-II temperature conditions. A maximum 
allowable cladding stress of 30 kg/mm? was as- 
sumed. *9 


Thorium-rich thorium-uranium alloys show 
relatively good resistance to radiation-induced 
swelling, even at temperatures up to 750°C. 
Although irradiation results are not available 
at high temperatures for thorium-plutonium 
alloys, the few results that have been obtained 
at 450°C are promising.*” 

Although stainless steel was used as the fuel- 
jacket material in EBR-I, it has the undesirable 
property of forming a eutectic alloy with ura- 
nium, of relatively low melting point. As jacket 
materials for uranium metal, the nickel-base 
alloys have the same drawback. Of the re- 
fractory metals that do not present this prob- 
lem, only vanadium appears completely satis- 
factory as an alloy base with respect to 
corrosion resistance and nuclear properties.” 
Currently, an alloy of vanadium—20% titanium 
appears very promising. Its fabrication into 
high-quality thin-walled tubing is difficult, how- 
ever. 

In the DFR, metallic fuel elements have been 
used in a number of design variations, but 
basically the elements consist of annuli of 


U 
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uranium alloy with strong inner and outer 
jackets of niobium, originally designed to re- 
strain swelling. The outer diameter of the an- 
nular element is approximately 0.75 in. The 
thicknesses of the fuel annuli have been varied 
during the development of the elements. The 
elements currently in the reactor use uranium — 
20 at.% molybdenum as the fuel alloy, with 
annuli 0.10 in. thick for the central region of 
the reactor core and 0.13 in. thick for the 
peripheral core regions. The elements are 
vented to allow those fission gases which may 
be released by the fuel to escape to the coolant. 
Irradiation tests have shown that the tempera- 
ture of this fuel should be limited to 650°C if 
rapid swelling is to be avoided. Furthermore, 
it has been found that there is a lower tem- 
perature range, from 480 to 580°C, where 
rapid swelling of uranium-molybdenum alloys 
can occur during irradiation because of a 
transformation of the metastable gamma phase 
to alpha-plus-delta phases. If the fission den- 
sity is high enough, however’! | above 8 
10'° fissions/(cm*)(sec)|, the formation is sup- 
pressed and irradiation stability doesnot suffer. 
One of the design goals therefore was to hold 
the fuel temperature below 480°C so long as 
the fission density is below 8 x 10!° fissions/ 
(cm)(sec). The DFR experience has shown that 
these elements will operate satisfactorily up 
to a burnup of 1.2%, the maximum yet ex- 
perienced, and probably considerably higher. 
These results are for a peak specific power of 
205 watts/g. The niobium jacket material has 
shown some incompatibility with the sodium 
coolant. It has absorbed hydrogen from the 
coolant with resulting severe embrittlement 
when the jacket temperature is reduced to a 
low value. There is, however, a brittle-ductile 
transformation at 150 to 200°C, and therefore 
the properties are not impaired at operating 
conditions.*! There is some corrosion of the 
niobium which is attributed to oxygen. The 
oxygen level in the DFR coolant has been about 
10 ppm. A jacket temperature limit of 480°C 
is currently imposed on the elements to avoid 
this corrosion. 


If metallic fuel bodies could be counted on to 
retain their structural integrity, they would 
offer the favorable property of a substantial 
negative component of the power coefficient of 
reactivity due to axial thermal expansion. Al- 
though this is probably the case early in fuel 
lifetime, it is questionable whether the property 
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is retained after long exposure. In particular, 
if the jacket is relied upon to restrain fuel 
swelling, it seems improbable that the fuel 
would expand axially in proportion to its tem- 
perature and its normal temperature coeffi- 
cient of expansion. Rather, it might be ex- 
pected that the axial expansion would be governed 
by the jacket temperature, which is relatively 
insensitive to changes in power level. Com- 
pared to the ceramic fuels, the metallic fuels 
are unlikely to provide a large reactivity sink 
due to the Doppler effect before the fuel tem- 
perature rises to the point of fuel-element 
failure. This is particularly the case if the 
jacket material can form a low-melting eutectic 
alloy with the fuel. 

The carbide fuels have been discussed briefly 
in the preceding paragraphs, primarily in con- 
nection with sodium-cooled thermal reactors. 
When these fuels are considered for fast reac- 
tors, interest is concentrated on the mixed 
uranium-plutonium carbides and on perform- 
ance at very high levels of burnup. To date the 
irradiation results on uranium-plutonium car- 
bides appear to be relatively few and to be 
limited to exposure levels of 30,000 Mwd/ton 
or lower.'*»28 However, the results have been 
encouraging and suggest that, at any given 
temperature, the rate of fission-gas release 
from carbide fuel is similar to or less than 
that from oxide.” If the temperature limits of 
the carbide are indeed comparable to those of 
the oxide, the carbide should allow the use of 
much more massive fuel-element designs, be- 
cause of the high thermal conductivity of the 
carbide. 

It appears that, for the fast reactor applica- 
tion, there may be considerably more emphasis 
on attaining the nominally stoichiometric com- 
position of the monocarbides. It is pointed out 
in Ref. 28 that a more appropriate description 
of the desired composition is that of a single- 
phase alloy, since there may be small quanti- 
ties of oxygen and nitrogen present as well as 
carbon. The desired composition is one in 
which the sum of the concentrations of oxygen, 
nitrogen, and carbon is close to 50 at.%. The 
hypostoichiometric (uranium-rich) composi- 
tions are to be avoided because it is believed 
that the accumulation of fission gas in any free 
metal that may be present will determine the 
Swelling rate of the fuel body. The hyper- 
stoichiometric compositions show poor com- 
patibility with the common jacket materials 
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because of the transfer of carbon from the fuel 
body to the jacket. 

The good conductivity of the carbide makes it 
worthwhile to consider elimination of the ther- 
mal resistance of the fuel-jacket gap through 
the use of some kind of thermal bonding. 
Sodium bonding may be used, but it accentuates 
the transfer of carbon from hyperstoichio- 
metric carbides to the jacket. In the United 
Kingdom some development is being carried 
out on the metallurgical bonding of carbide fuel 
to the jacket.”* There has been some success 
with copper- and nickel-based brazing alloys 
as the bonding material between uranium car- 
bide and steel jackets, but there is some prob- 
lem of cracking of the carbide under thermal 
cycling in the bonded elements, 

Another approach to the fast reactor fuel 
problem is through the use of cermets. These 
are dispersions of fuel materials (fissile or 
fissile plus fertile) in ceramic form in a 
metallic matrix. The ceramic is usually the 
oxide of the fuel material. The basic concept 
is to take advantage of the irradiation stability 
of the ceramic while approximating the ther- 
mal conductivity and mechanical properties of 
a metal. It is desirable that the size of the 
ceramic particles in the dispersion be suf- 
ficiently large that only a small fraction of the 
fission gas can escape from the particles by 
fission recoil, 

One of the main disadvantages of the cermets 
is that the ceramic component cannot usually 
be made to constitute the major fraction of the 
total material. Therefore, if both the fissile 
and fertile components of the fuel mixture are 
incorporated in the ceramic form, the amount 
of fertile material that can be incorporated is 
severely limited. This means that the internal 
breeding ratio of the reactor will be low, that 
the reactor will tend to lose reactivity rapidly 
with burnup, and that this reactivity loss must 
be taken care of either by strong control ele- 
ments or by frequent partial refueling. The 
possibility of avoiding this difficulty by using 
the fertile element as the metal matrix and 
incorporating only the fissile element in the 
ceramic form is referred to in Ref. 26. This 
appears to be an attractive possibility from the 
point of view of nuclear performance, but 
restriction of the choice of the metal matrix 
to uranium, and possibly thorium, is a severe 
metallurgical limitation. Apparently there has 
been no extensive work on this concept. 
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The British have under way a program on 
cermet fuels*® which is directed primarily 
toward the development of a fast reactor ele- 
ment and which has concentrated on the use of 
oxides in a steel matrix. The fissile and fertile 
materials are mixed in the oxide form, and the 
problem of achieving an acceptably high fertile 
content is attacked simply by attempting to use 
the highest possible oxide content inthe cermet. 
The practical limit of oxide content appears to 
be about 50 vol.%. 

The British experience has shown that, al- 
though the cermets can be formed by pressing 
and sintering the metal-oxide mixture, the 
densities attainable by this process alone are 
no higher than about 85% theoretical and that 
mechanical working is necessary to attain 
higher densities. Both hot rolling and hot swag- 
ing have been used for densification. Pin type 
elements are produced by mixing the oxide and 
steel particles, cold pressing into pellets and 
sintering at 1100 to 1300°C, sealing the pellets 
into a steel tube, and swaging at a temperature 
between 1000 and 1300°C (Ref. 32). Concep- 
tually the objective in fabrication of the cermet 
is to produce an assemblage of oxide granules, 
each surrounded by a small, steel pressure 
vessel, and the whole bonded together as a 
structure. It is fairly obvious that this objec- 
tive will be promoted if the oxide granules are 
spherical in shape, and the process does in- 
clude the use of such granules. The spherical 
particles are produced by first pressing the 
oxide into green compacts about 1 cm in 
diameter with aluminum sterate binder. The 
green pellets are broken down to granules and 
sized, and the granules are spheroidized by 
abrasion in a gyrating dish coated with silicon 
carbide powder. The spherical particles are 
sintered at a peak temperature of 1600°C in an 
atmosphere of cracked ammonia. A further 
improvement in the cermet has been made by 
coating the sintered oxide spheroids with an 
organic binder that makes them sufficiently 
sticky to cause a layer of stainless-steel 
powder to adhere to each particle before the 
cermet is pressed. The material preferred for 
the metal matrix is type 316L (low carbon) 
stainless steel. 

Plate type dispersion elements have been 
made by processes analogous to those used for 
the pins but with hot rolling substituted for the 
swaging process. Cermets have been made with 
both uranium oxide and plutonium-uranium oxide 
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mixtures and have been irradiation tested. The 
results with the plutonium fuels have not been 
as good as those with uranium, but the irradia- 
tion program has necessarily lagged behind the 
fabrication development, and the latest im- 
provements have not yet been thoroughly tested. 
Results” to date suggest that the fabrication 
technology is capable of producing cermet 
plates and pins with 30 to 50 vol.% ceramic that 
will achieve a burnup of at least 10% heavy 
atoms without failure when the surface tem- 
perature is about 625°C. 


Current Status and Future Directions 


The fast reactors currently in operation or 
definitely planned are listed in Table IX-9, 
Since the Second Geneva Conference, reactors 
that have contributed new operating experience 
at substantial power levels are the British 
DFR’ and the Russian BR-5.° In the United 
States the EBR-I continued in operation, and its 
latter-day operation was directed primarily to 
the rather specialized, but necessary, investi- 
gation of dynamic characteristics. These EBR-I 
results have been covered rather thoroughly in 
Power Reactor Technology in the past. 

The escalation of power of the DFR to the 
design value of 60 Mw(t) was a long, trouble- 
some process, which covered the time period 
from early 1960 to July 1963. It yielded, how- 
ever, much useful information on sodium tech- 
nology and metallic fuels.** The early prob- 
lems had mainly to do with the entrainment of 
gas in the coolant and with the removalof gross 
impurities from the primary coolant system. 
The latter problem was finally solved by the 
use of hot-dumping operations in addition to 
the more usual cold-trapping processes, A 
“hot dump” consisted of heating the primary 
coolant to 250 to 300°C, transferring it to the 
dump tanks, cooling it to 80°C, and then re- 
turning it to the primary system through a 
filter. Twelve of these dump Sequences were 
used after the fuel had been removed from the 
reactor. 

A more fundamental obstacle to power escala- 
tion was the fuel performance, and full power 
was attained only after the original fuel ele- 
ments had been replaced by redesigned ele- 
ments. The original concept for the annular 
elements had been to accept a fuel alloy of 
relatively poor swelling resistance, to restrain 
the radial swelling by the walls of the element, 
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and to accommodate the volumetric swelling by 
allowing the fuel material to extrude axially 
within the confines of the element walls. Early 
experience showed, however, that the axial 
extrusion was opposed by frictional forces 
great enough to exceed the creep strength of 
the jacket. Redesign of the element involved the 
substitution of a fuel alloy of higher swelling 
resistance (uranium—20 at.% molybdenum), re- 
duction of the thickness of the fuel annulus to 
limit the maximum alloy temperature to 650°C, 
and the provision of a larger fuel-jacket clear- 
ance to allow for more radial swelling. The 
limit on the alloy temperature and a 480°C 
limit imposed on the jacket temperature to 
avoid corrosion have prevented attainment of 
the design value of coolant outlet temperature. 
It is suspected that the corrosion of the nio- 
bium jacket is accelerated by some impurity in 
the coolant, possibly carbon, which may be 
eliminated with time. 

Although a number of problems had to be 
overcome to attain full power, all of them were 
recognized long before they resulted in operat- 
ing difficulties, and operation has been smooth 
and without untoward incident within the rec- 
ognized limits of the plant. The reactor is 
continuing operation and is being used ex- 
tensively for the irradiation of improved fuel 
elements. 

The BR-5 reactor, although much smaller 
than the DFR, has given valuable results on the 
behavior of plutonium oxide fuel elements, as 
well as information (discussed earlier) on the 
behavior of fission products in sodium systems. 

The steel-jacketed, oxide fuel elements of 
BR-5 are described in Table IX-10. The reac- 
tor core operates at an average power density 
of about 300 kw/liter. The initial fuel loading 
of plutonium oxide elements operated to an 
average burnup of 2.4% of the plutonium be- 
fore any evidence of fission-product leakage 
was detected. Thereafter the reactor operation 
was continued, with increasing evidence of fis- 
sion products in the primary coolant and finally 
with plutonium alpha activity in the coolant, but 
without operating difficulty, to a maximum 
burnup of 5% (see Table IX-1). During this 
period the primary coolant outlet temperature 
had been raised from the initial 400 to 450°C 
level to 500°C. Thereafter the fuel assemblies 
containing gross failures were replaced by new 
assemblies of UO,, and operation was continued 
at lower temperatures (outlet temperatures of 
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Table IX-10 CHARACTERISTICS® OF FUEL ELEMENTS 
AND ASSEMBLIES IN THE FIRST LOADING OF BR-5 





Fuel element 
Type Rod 
Fuel Sintered plutonium 
oxide pellets 
Stainless steel, 
type [X18H9T 
Jacket outside diameter/ 5/0.4 
thickness, mm 
Fueled length, mm 
Thermal expansion space 
(at top of fueled section), 
mm high 
Filling gas 


Jacket material 


tb bo 
ant 
° 
Ww 


Helium at atmospheric 


pressure 
Fuel assembly 
Type Hexahedral stainless-steel 
tube 


Dimensions, mm 26, between parallel sides; 
0.5, wall thickness 

No. fuel elements per 19 
assembly 

Method of supporting 
elements in assembly 


Top and bottom grids 





300 to 430°C) and various power levels to 
study the effects of fission-product contamina- 
tion of the primary circuit. By Mar. 1, 1964, 
the maximum burnup in the original plutonium 
oxide elements that were still in the core was 
5.8%. 

At the time of fuel-assembly replacement, 
all assemblies were tested by pumping gas 
from them and checking it for radioactivity. 
Some showed activities thousands of times 
greater than the average. These were discarded 
(18 out of a total of 81) and replaced by the 
new UO, assemblies. The following quotation 
from Ref. 8 describes the condition of ele- 
ments fromthe “discarded” and “undiscarded” 
assemblies: 


..-Iwo of the discarded subassemblies with a 
4.9% burnup (one was processed with steam) and 
one subassembly with a 5% burnup out of the un- 
discarded were examined in the hot laboratory. 
Longitudinal cracks 8—10 cm long and up to 1.0 
mm wide were detected on the surface of some ele- 
ments of these subassemblies. The cracks, as a 
rule, continued in the plutonium dioxide. Mostly 
radial cracks were observed on the surface of 
cross sections of the disintegrated elements. No 
central cavities were found in any of the disinte- 
grated elements. In the third subassembly exam- 
ined all the elements turned out to be tight, the 
element canning was in good condition: the element 
surface was light-colored and bright and there 
were no visible defects. 


In late 1964 and early 1965 it is planned to 
load the BR-5 with uranium monocarbide fuel. 
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It is stated in Ref. 8 that the operation of the 
BR-5 reactor has already confirmed the prac- 
tical feasibility of the reactor type for industrial 
installations. The announced decision'! to by- 
pass the previously planned 50-Mw(e) com- 
mercial plant BN-50 in favor of pushing on 
directly to the large 350-Mw(e) plant (BN-350) 
appears to be in harmony with this point of 
view. However, Ref. 11 also announces a proj- 
ect to construct a “fast pilot reactor,” des- 
ignated BOR, for general development work 
leading to large fast breeders. This reactor, 
of thermal capacity 40 to 60 Mw, will test 
advanced concepts and operating conditions: 
power densities up to 1500 kw/liter, sodium 
outlet temperatures to 630 to 650°C, and fuel 
burnup to 10% with thin-walled fuel elements 
that allow fission-gas leakage to the coolant. 
This suggests that the elimination of the “com- 
mercial’ BN-50 may have been the result of a 
decision that the effort could be spent more 
effectively on a reactor of more experimental 
nature, 

With the beginning of operation of EBR-II 
and the EFFBR, fast reactor progress in the 
United States should accelerate. Neither of these 
plants can be considered the prototype of an 
economic commercial fast breeder. Although 
the EFFBR will operate as a utility station, its 
fuel is far from satisfactory even on a non- 
recycle basis. The shortcomings of the fuel 
have restricted the operating power level, in a 
manner reminiscent of the early DFR ex- 
perience. The situation is summarized in the 
following quotation from Ref. 9: 


The present core was de-rated from 300 to 200 
MW(t) because of an increase in the estimated 
pressure drop across the core resulting from a 
change in the fuel element support arrangement 
(see Fig. 6, P/2427). Experimental data obtained 
subsequent to this decision show that the pressure 
drop will be only 40 psi at 200 MW(t) whereas the 
subassembly and internals are capable of operating 
at 65 psi. A higher power level, therefore, is pos- 
sible but cannot be justified economically because 
of the burnup limitation on the U—10 w/o Mo fuel 
alloy. As described in another paper, this alloy has 
not proven to have the irradiation damage resis- 
tance which early results suggested. It has been 
found that the allowable burnup decreases with in- 
creasing fuel temperature. Therefore, after dem- 
onstration of 200 MW(t) operation, it is planned to 
operate at an inlet sodium temperature of 450°F 
and at a power level of 110 MW(t) which is esti- 
mated to double the allowable burnup. Although 
these conditions are uneconomical for electric 
power generation, it will extend the fuel life of the 
two core loadings now on hand and permit use of 
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the reactor as a test bed for irradiation of experi- 
mental fast reactor fuels. Plans are proceeding to 
utilize the reactor initially for this purpose. 


Although the British hope to have a prototype 
of a commercial fast reactor on power soon 
after 1970, the date is contingent on the de- 
velopment of a satisfactory fuel and decisions 
as to the main reactor design features. !? Ap- 
parently only the USSR is committed far enough 
to a prototype (BN-350) at this time to announce 
its general features. These are summarized in 
Table IX-11. However, the construction sched- 
ule for the plant appears to be somewhat 
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breeders might be developed utilizing different 
basic fuel types. But for the moment it would 
be encouraging to be able to verify the com- 
pletely satisfactory performance—in relation 
to breeding ratio, reactivity coefficients, and 
reactivity lifetime, as well as to the more 
obvious criteria such as fuel lifetime and 
fabrication cost—of any one fuel. Because of 
the growing interest in oxide fuels, the coming 
operation of Rapsodie in France**’?’ and of the 
Southwest Experimental Fast Oxide Reactor 
(SEFOR) in the United States*® will be awaited 
with interest. 


Table IX-11 CHARACTERISTICS OF THE BN-350 REACTOR?! 








Thermal power, Mw 1000 
Core volume, approx., liters 2000 
Average power density, kw/liter 500 
Sodium volume in reactor vessel, m® 165 
Primary sodium temperature 

inlet/outlet, approximate, °C 300/500 
Maximum sodium velocity in core, m/sec 10 
No. of core fuel assemblies 211 
No, of blanket assemblies 500 
Axial and radial blanket thickness, cm 60 
Core diameter/height, m 1.5/1.06 
Sodium volume fraction in core, % 39 
Fuel Plutonium and uranium dioxide mixture (19% Pu)* 


Critical mass, kg of Pu 
Fuel element 


780 (or 950 kg 75) 
Rod type; oxide pellets in stainless-steel tube, 
as in BR-5f 


Diameter/thickness of jacket tube, mm 5/0.4 

Fuel assemblies 96 mm hexagons with wall thickness of 2 mm 

No. of fuel elements per assembly 217 

Method of spacing elements in assembly Top and bottom grids plus ribs on element jackets 
Breeding ratio, total/internal 1.5/0.62 


Rate of reactivity loss, % k,,,/month 
Control rods 


0.62 (one month gives about 0.5% burnup) 
Assemblies similar to fuel assemblies with enriched 
B,C in place of fuel 





*The first loading may employ enriched UO, (23% 75). 
fIt is stated that the average oxide density will be lower than in BR-5 to accommodate fission 


gases. 


flexible, and it is not clear whether the current 
concept has lasting significance. 

The key question in predicting the course of 
fast-breeder development is the selection of 
fuel type. Although the early experience has 
been predominantly with metal fuel, that ex- 
perience has not been highly encouraging even 
for uranium metal, and the prospects for 
plutonium appear considerably less favorable. 
On the basis of current knowledge, the oxides 
appear to be the surest bet as potentially ac- 
ceptable fast reactor fuels. The carbides, how- 
ever, have inherent advantages in thermal con- 
ductivity and density, and it is primarily the 
lack of experience with them that puts them in 
a less favored position. It is, of course, con- 
ceivable that a number of acceptable fast 


In whatever direction the fuel development 
goes, considerations of reactivity coefficients 
are expected to have an important influence on 
the design of large fast breeders. Inparticular, 
there will be efforts to attain a negative value 
for the sodium-void coefficient of reactivity or 
minimize its positive value and to provide as 
large a sink of reactivity in Doppler effect as 
possible. The effects of these considerations 
on reactor design are discussed in Ref. 24 and 
were reviewed at length in Power Reaclor Tech- 
nology, 1(2): 107-144. 

Partly because of the difficulty with the 
sodium coefficient of reactivity and partly to 
circumvent problems and difficulties in sodium 
technology, some groups have investigated other 
coolants for fast reactors. The Karlsruhe proj- 
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ect is investigating cooling by helium and dry 
steam as well as by sodium,® and papers on 
gas cooling®? and steam cooling’® were also 
presented at the Conference by Swiss and 
Belgian groups, respectively. The latter is a 
direct-cycle system that utilizes dry steam as 
the reactor coolant. Part of the superheated 
steam from the reactor exit goes to theturbine, 
and another appropriate fraction is directed to 
a Loeffler boiler where it is quenched in the 
boiler water and produces dry saturated steam 
to feed the reactor inlet. 

One of the problems with less efficient 
coolants is to design for the characteristic high 
specific power of the fast reactor. This may 
be not so much a problem of normal cooling as 
of emergency shutdown cooling, particularly 
upon loss of coolant pressure. In the gas- 
cooled concept®’ it is proposed to use water 
injection as a last-ditch emergency measure. 
Criticality can be avoided under these con- 
ditions by incorporating resonance absorbers 
in the reactor core. This would be relatively 
ineffective in the normal “fast” neutron spec- 
trum but would absorb strongly if the spectrum 
were degraded by water injection. The prob- 
lem sounds like a difficult one. 
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Of the two nuclear-powered ships that are in 
operation, only the icebreaker Lenin was for- 
mally discussed at the Conference.!? Other 
papers concerned the nuclear plant for the 
German nuclear-powered vessel O//o Hahn? and 
design studies of the VULCAIN*~® and NERO’ 
reactors for marine propulsion. 

The icebreaker is powered by three pres- 
surized-water reactors, each capable of pro- 
ducing 90 Mw(t), although the vessel can be 
operated at design conditions with only two of 
the three reactors operating. The core of each 
reactor consists of 219 fuel assemblies ar- 
ranged as shown in Fig. X-1. Each assembly 
is composed of 36 fuel pins fabricated of UO, 
pellets clad with zirconium alloy tubing having 
an outside diameter of 6.1 mm and a thickness 
of 0.75 mm. The fuel pins are contained ina 
flow tube that is fabricated of zirconium alloy, 
bearing 0B as a burnable poison. The amount 
of poison is varied from tube to tube to reduce 
the radial power-peaking factor. The reactor is 
equipped with safety and control rods as well 
as a so-called “compensation system.” Al- 
though details of the construction of these con- 
trol components are not given in Ref. 1, a 
paper from the Second Geneva Conference® 
may be consulted for additional information. 

Each reactor of the Lenin is equipped with 
two coolant loops, each containing a steam 
generator, two main circulating pumps, an 
emergency circulating pump, two electrically 
heated pressurizers, and an ion-exchange fil- 
ter. Figure X-2, which is a photograph of part 
of the Russian exhibit, illustrates the reactor 
compartment of the ship. Although call-outs 
are not provided, the reader can see the posi- 
tions of the three reactors in the center of 
Fig. X-2 as evidenced by their control- and 
safety-rod “thimbles” protruding above the 
upper shield structure. The six main coolant 
pumps and a cutaway showing one of the steam 


generators can be seen at the left. The loops 
are designated “bow” or “stern” loops in the 
reference, the reactor compartment in Fig. X-2 
being arranged with the center line of the 
pumps in a fore-aft orientation. Table X-1 
lists additional operating data for the reactors. 

In general, the operation of the Lenin has 
been “quite successful.”” Much of the success 
perhaps results from the fact that the ice- 
breaker application approximates an ‘ideal’ 
application of nuclear energy. The vessel be- 
came operational in December 1959 and op- 
erated on its first fuel for over 11,000 hr, 
producing about 450,000 Mw(t)-hr. The average 
burnup reached about 12,000 Mwd per ton of 
uranium, with peak burnup reaching about 30,000 
Mwd per ton of uranium. Refueling was done in 
the spring of 1963, and in May 1964 the vessel 
was operating with the second fuel charge. In 
1961 the self-regulation of the reactor was 
demonstrated using the Doppler effect to com- 





Fig. X-1 Lenin reactor core cross section.* 
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Fig. X-2 Photograph of part of the Russian Geneva 
exhibit illustrating the reactor compartment of the 
Lenin. 


pensate for load changes. The primary com- 
ponents of the plant operated about 15,000 hr 
(including the year 1963) at working pressure 
(180 kg/cm’), The main circulating pumps have 
operated up to about 8500 hr without inspection, 
although some pumps apparently have failed 
owing to shorting of the stator windings. 

The primary circuit components that are 
permanently or periodically filled with poten- 
tially contaminated water are accommodated in 
the so-called “central compartment” of the 
plant. In Fig. X-2 this probably consists of the 


Table X-1 OPERATIONAL DATA FOR THE 
LENIN REACTORS? 





Designed Operation data 
values for reactors 
for 65 Mw i, 2, and 3* 
Water tlow in primary circuit 115 435 458 435 
loops, tons/hr ; 430 467 453 
Reactor outlet temperature for 317 311 312 311 
loops, °C ae 311. 313" 313 
Reactor inlet temperature for 261 260 261 260 
loops, °C 
Steam output for loops, 43.3 AS 49 43 
tons /hr 43.3 42 42 46 
: 32 06-38. 6. 31 
Steam pressure, kg cm? 29 3] as 31 
" —_ = 310 308 308 
Steam temperature, °C 307 = 


309 308 308 





*Fraction numerators refer to bow loop and the denomi- 
nators to stern loop. 
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compartments containing the reactors and steam 
generators, and these compartments are her- 
metically sealed from the rest of the ship and 
ventilated separately. Some leakage has been 
experienced from the primary system. Refer- 
ence 2 notes that this has come from the pack- 
ing of various valves in the primary circuit. 
Contamination from fission gases and long- 
lived fission products is reported to be low. 

Reference 9, although not specifically directed 
toward the Lenin reactors, pertains to acontrol 
system that might be uniquely applied to the 
reactor type. The essence of the system is a 
reactor in which the coolant is separated from 
the moderator; the Lenin reactors are of this 
type with their flow-tube design. The principles 
of the control system are contained in the 
following quotation:? 


Let us consider a reactor core formed vy a 
regular lattice of cylindrical fuel elements placed 
in a liquid moderator, say in H,O. Let the top ends 
of all elements be fastened in some plane thus that 
any of them can turn independently around the 
fastening point. Let, further, these elements pass 
freely through the spacer plate, the holes in it 
forming a grid similar to that of fastening points. 
The lattice and the form of the cylindrical reactor 
do not depend on the distance between the plane of 
joints (fastening points) and that of the spacer 
plate. Let the plate be rotated in the horizontal 
plane around the reactor central axis. Then the 
core will have the form of a one-sheet hyperboloid 
of revolution and the fuel element lattice will be 
deformed thus that the surfaces of the constant 
spacing will turn out to be, with a greater accu- 
racy, ellipsoids of revolution having one focus with 
the hyperboloid that forms the side boundary. 

The reactivity dependence on the core spacing in 
a cylindrical reactor is not monotone, it has opti- 
mum. When the spacing increases reactivity rises 
first, and then falls. Therefore to control a reactor 
by means of the core deformation it is possible to 
use either the ‘‘left’? branch of the curve corre- 
sponding to the core spacing less than optimum 
or the ‘fright’? one corresponding to the spacing 
greater than optimum. 


The reactivity of a reactor controlled in the 
above manner was studied both analytically and 
experimentally, and the reference may be con- 
sulted for details. 

The power plant for the German research 
ship Otto Hahn is described in Ref. 3. It will 
be a pressurized-water reactor (PWR) having 
the characteristics shown in Table X-2. The 
ship was launched in June 1964, and the time 
schedule calls for the reactor to be installed in 
1966 with power operation to commence in 
1967. The normal power of the propulsion plant 
is 10,000 shp. 





Winter 1964-1965 


Table X-2 MAIN DATA OF REACTOR INSTALLATION 
FOR THE SHIP OTTO HAHN? 





Core 

Diameter of active zone, mm 1150 
Height of active zone, mm 1120 
No. of fuel elements 16 
No. of control rods 12 
Fuel elements (side length), mm 270 
No. of fuel rods installed 3128 
Fuel-rod diameter, mm 10.9 
Fuel-rod cladding thickness, mm 0.33 
Total surface, m? 120 
Core entrance temperature, °C 266 
Core exit temperature, °C 278 
Maximum thermal output, Mw 38 
Average reactivity lifetime, Mwd/ton 7200 
Maximum reactivity lifetime, Mwd/ton 14,000 


UO, fuel loading, tons 2.95 

Enrichment in four zones, % ~2.5, 2.9, 3.5, and 
4.3 

Average enrichment, % ~3.6 

Surface heat release, kcal/(m?)(hr) 272,000 


Average fuel temperature over 
lifetime, °C 
Hot-channel load at central fuel 
melting, % 172 
Absorbing material in control rods Boron carbide in 
steel 


460— 680 


Burnable poison 

Excess reactivity (cold, unpoisoned), 1 
Excess reactivity (hot, unpoisoned), 7 
Excess reactivity (hot, poisoned), % 1.5 
Shutdown reactivity of control rods, ‘% 2 


Pressure vessel 


Operating pressure, ata 63 
Inside height, mm 8580 
Inside diameter, mm 2360 
Wall thickness and plating, mm 50+5 
Coolant circulation, kg/hr 2.37 x 108 
Steam generator 
Operating pressure, ata 31 
Steam temperature, °C 27 
Superheat, °C 36 
Tube diameter, mm 19.4 
Tube wall thickness, mm 1.2 
Material Inconel 
Containment vessel 
Height, m 13.13 
Diameter, m 9.5 
Wall thickness, mm 30 
Design pressure, ata 14.5 
Weight including reactor parts, tons 930 





The German maritime reactor® incorporates 
some of the advanced techniques described in 
the review of the Consolidated Nuclear Steam 
Generator and the Unified Modular plant in 
the Fall 1963 issue of Power Reactor Tech- 
nology, 6(4): 106-117. These include self- 
pressurization and location of the primary heat 
exchangers within the pressure vessel. In addi- 
tion, the primary pumps are arranged quite 
close to the core, probably in a manner similar 
to that shown in Fig. VII-3 of the above- 
mentioned Power Reactor Technology article. 
The fuel elements are of square geometry with 
a four-zone-loaded core to achieve power flat- 
tening. The pressure vessel will be fabricated 
by circumferential welding of several forged 
rings. 
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The objectives of the VULCAIN program, 
which is a joint UKAEA—BelgoNucléaire effort, 
are quoted as follows: 


(i) The basic nuclear physics and engineering de- 
Sign parameters of a compact, highly rated 
core capable of operating to a peak burn-up of 
$0/50,000 MWD/TeU. 

(ii) The development and manufacture of a VUL- 
CAIN core, of 40 MW/thermal output, for load- 
ing into the Belgian BR3 reactor later in 1964. 
The BR3 reactor will then be operated with a 
mixed D,»O/H,O moderator andcoolant through- 
out the three years life of the core. 

(iii) The engineering design of a compact steam- 
raising unit of 20,000/25,000 shp_ suitable 
either as a single unit for marine propulsion, 
or as a multi-unit for small land-based power 
stations. 


The physics portion of the work is concentrated 
in critical experiments in the VENUS zero- 
energy program and will conclude in 1965. The 
BR-3—VULCAIN power experiment is con- 
cerned with irradiation of a core in the BR-3 
reactor. The fuel assembly and a so-called 
“moderator tube” of the reactor are shown in 
Fig. X-3, and the core layout is shown in 
Fig. X-4. The moderator tubes come in two 
lengths; 14 of them are about 1.4 m long and 
the remaining four are about 2.4 m. The long 
tubes house hydraulically operated absorber 
rods, and 10 of the short tubes house absorber 
rods actuated by existing BR-3 magnetic-drive 
mechanisms. The remaining four short tubes 
are used for instrumentation, sample tubes, 
and neutron sources (Fig. X-4). Additional core 
data are given in Table X-3. 


Zircaloy-4 
/ Moderator 
‘ Tube 


1.86 | Fuel Pin | 

















64.6 ee Ga 


Fig. X-3 VULCAIN fuel assembly and moderator 
tube.4 (Dimensions are in millimeters.) 
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Vessel, 1473.2 Dia. 


Thermal Shield 


Core Barrel 





#2 
Cold Leg f 


+-Flux Wires (16) 

© - Fission Chambers (6) 

O-Core Inlet- Water Thermocouples (5) 

O- Core Outlet-Water Thermocouples (20) 

4- Water Velocity Thermocouples (3) 

ZZA Long Moderator Tubes with Hydraulic- Rod Mechanisms 
Ea Short Moderator Tubes with Magnetic-Rod Mechanisms 
[= Short Moderator Tubes without Rods 


Fig. X-4 BR-3—VULCAIN core cross section with 
in-pile instrumentation. 4 


The reactor normally will be operated with- 
out rods in the core and with the coolant con- 
taining about 85% D,O at start of life. The 
burnup target is an average of about 25,000 
Mwd per ton of uranium, and, as burnup pro- 
ceeds, light water is added until the D,O con- 
centration is almost zero at end of life. The 
hydraulically operated absorber rods, described 
in Ref. 4, are located with their drives entirely 
within the pressure vessel. The operation is 
described as follows: 


In this type of hydraulic mechanism, the absorber 
rod moves up or stays in its top position because 
of the upwards flow inside the moderator tubx 
created by the pressure differential between the 
tube inlet and the vessel outlet flow nozzle to which 
the top end cf the tube is connected through a 
master valve. When the latter connects the tube 
top end with a higher pressure (vessel inlet flow 
nozzle), the moderator flow is reversed and the 
10 kg rod drops into the core and stays there after 
being stopped by a dashpot in the bottom of the 
moderator tube. The H.P. and L.P. connections ot 
the master valve are thus located entirely within 
the reactor vessel. The servo pressure actuating 
the spring-loaded master valve is transmitted by a 
pipe passing through the vessel collar from a pilot 
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valve which is supplied by a high or low pressure 
to position the master valve for up or down move- 
ment of the rod, respectively. The system is thus 
fail safe, as failure of the servo-pressure, e.g., 
due to a pipe rupture, will cause insertion of the 
rod into the core. 


The design of the VULCAIN reactor for 
marine propulsion also incorporates internal 
pressurization and integral heat exchangers. 
The design of the reactor is schematically 
illustrated in Fig. X-5. Provisions are made 
for gas pressurization, as well as self- 
pressurization, in order to reduce the in-core 
voids if desired. 

The NERO reactor for ship propulsion was 
designed by the Reactor Centrum Nederland 
(RCN) in cooperation with Euratom. The NERO 
is a pressurized-water reactor having the 
characteristics shown in Table X-4. The reac- 
tor is a conventional PWR design with the 
exception of the primary flow loop. A system 
with internal recirculation, somewhat similar 
to that of a boiling-water reactor, is provided. 
The external primary flow is pumped to a ring 
of water ejectors located inside the reactor 
vessel in the downcomer region, and enough 
recirculating water is pumped to provide an 
internal circulation having about 1.5 times the 
mass flow in the external circuit. The refer- 
ence states that the reason for this was to re- 
duce the size of the external primary coolant 
system and still provide sufficient flow of 
coolant through the core in one pass. This 
design also provides a path for natural circula- 
tion entirely within the pressure vessel to 
facilitate emergency cooling. The NEROproject 


fable X-3 CORE DATA FOR THE VULCAIN—BR-3 
POWER EXPERIMENT 





Parameter Value 





Fuel material, mm Dished UO, pellets 


Outside diameter, mm 1.5 

Fuel-cladding material AISI 304 stainless steel 
Thickness, mm 0.5 
Active length, nim 1000 
Total length, mm 1235 

No. of pins/fuel element oe 


73 

Tubular, unfollowed 

Unclad 18/16 stainless 
steel containing 2 wt.% 
natural boron 


No. of fuel elements/core 
Absorber rod geometry 
Material 


Inside diameter, mm 65 
Outside diameter, mm 78 
Length, mm 1035 
Reactor power, Mw(t) 40.9 
Coolant D,O-H,O mixture 
Pressure, kg/cm? 140 
Total core flow, m3/hr 2500 
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has been under development since late 1961, 
when a contract was signed between RCN and 
Euratom. This contract covered critical ex- 
periments, irradiation studies of fuel rods, 
hydraulic experiments, shielding, and other 
studies. Design of the propulsion reactor also 
was undertaken, although the data given in 
Table X-4 are preliminary in nature. 

References 10 and 11 pertain to investiga- 
tions of the dynamic behavior of marine boiling- 
water reactors. Reference 10 discusses test 
results with an oscillating, boiling, natural- 
circulation loop called “Yo-Yo.” Although many 
of the details are of specialized interest, 
the conclusions are quoted below for the gen- 
erality: _ 


1) The error introduced by neglecting the direct 
g-effect upon slip is small. It should therefore 
be safe to assume that data from stationary rigs 
may be used with confidence in the design of 
natural circulation boiling water reactors for 
marine application. 

2) No effects have been found which indicate any 
sudden transition from one flow regime to 
another. 

3) No carry under has been produced in this geom- 
etry where the water velocity in the upper part 
of the downcomer was 0.2 times the circulation 
velocity. 

t) A stabilizing effect may be achieved by increas- 
ing the single phase inertia. 
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Fig. X-5 Principles of VULCAIN reactor. (1) Core; 
(2) pressurizer; (3) pressurizing-gas piping; (4) steam 
generators; (5) pumps. 


MARITIME REACTORS 101 


Table X-4 MAIN PARAMETERS OF NERO DESIGN’ 





General and primary system 





Reactor power, Mwit) 67 
Steam production, metric tons/hr 111.2 
Steam pressure, kg/cm? 40 
Temperature, °C 280 
Reactor operating pressure, kg/cm? 151 
Nominal reactor inlet temperature, °C 270 
Nominal reactor outlet temperature, °C 299 
Nominal inlet temperature reactor core, °C 288 
Mass flow through reactor core, kg/sec 1155 
Mass flow through each of two external 

circuits, kg/sec 220 

Reactor core dimensions 

Core height, mm 1327 
Core nominal diameter, mm 1128 
No. of full-size fuel elements 30 
No. of subsize fuel elements 12 
Total No. of fuel rods 4218 
Diameter of pellets, mm 10.03 + 0.01 
Total weight of UO,, kg 4600 
Cladding (Zircaloy) inside diameter, mm 10.2 
Cladding (Zircaloy) outside diameter, mm 11.9 
Pitch of fuel rods, mm 15.0 
Core volume fractions 

UO, 0.3352 

H,O 0.4402 

Cladding boxes 0.1725 

Control rods 0.0407 

Core physics and heat transfer 

Average burnup, Mwd/metric tons of UO, 16,600 
Initial enrichment of central zone 4.4 
Initial enrichment of outer zone 4.8 
Amount of burnable poison, g of ByC 

equivalent 1240 
Maximum heat production, watts/cm of 

rod length 500 


General dimensions 


Inside diameter of reactor vessel, m 2.0 
Inside height of reactor vessel, m 5.5 
Heat-transfer surface of steam generator, 

m? each 200 
Heat-transfer surface of superheater, 

m? each 43.8 


Inside diameter of containment, m 





The reference also discusses the design of a 
steam injector-jet pump for use in the down- 
comer region of a boiling-water reactor. Ref- 
erence 11 couples the neutronic and hydraulic 
behavior of a marine boiling-water reactor into 
a digital-computer code to study transient 
behavior of the reactor in a rolling and heaving 
ship. It is shown"! that the results of the ship’s 
motion produce large neutron-flux variations 
but affect fuel temperature, heat flux, coolant 
flow rate, reactor vessel pressure, and rate of 
steam flow to the turbine only a small amount. 
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Power Reactor Technology 





A number of reactors discussed at the Confer- 
ence have not been reviewed in the preceding 
sections, either because they are intended for 
special purposes or because their development 
is still at a stage too early to reveal their ulti- 
mate major characteristics. Some of these are 
discussed briefly in the following paragraphs. 


Portable Power Plants 


The Army Reactors Program in the United 
States has resulted in the construction and op- 
eration of five nuclear power plants that rep- 
resent the U. S. effort in the development of 
portable reactor plants for applications other 
than space. The first reactor inthe series began 
operation in April 1957. General information on 
the plants is given in Table XI-1, whichis taken 
from Ref. 1. All the reactors are of the pres- 
surized-water type, with operating pressures 
from 1200 to 1750 psi, and all use UO,-—stain- 
less-steel cermet fuel. 

The truly portable plants in the U. S. series 
were designed to be transported by a variety of 
means, such as truck, rail, boat, or aircraft. 
Consequently shipping modules were limited to 
a size of 8 by 8 by 30 ft and to a weight of 
30,000 lb. About 18 modules of reactor and 
power-plant equipment, plus about 40 modules 


of support facilities and buildings, comprise a 
typical plant. For plant details the reader is 
referred to Ref. 1, to Power Reactor Technol- 
ogy, 6(3): 43, which presents a description of 
the PM-1 core design, and to Ref. 2, which con- 
tains details of all five plants in the portable- 
power-plant series. The design objectives of the 
U.S. portable reactor development program, as 
set forth in Ref, 1, are as follows: 


— Minimum size and weight 

— Minimum installation effort 
— High reliability 

—System simplicity 
—Self-sufficient plant 

— Capability of being relocated 


The Russians have developed an interesting 
portable nuclear power plant, the organic-mod- 
erated ARBUS plant, which has been in operation 
since June 1963. The plant has about half the 
output of the U. S. plants, as shown in Table 
XI-2. The coolant used in ARBUS, a hydrosta- 
bilized gas-oil, has proved to be satisfactory, 
probably largely because of the incorporation 
in the ARBUS plant of a coolant “regeneration” 
system. Operation of the system is described 
in the following quotation from Ref. 3: 


...The coolant comes from the primary circuit 
(200 —250 liter/hour) to the regeneration system 


Table XI-1 U.S. PORTABLE REACTOR POWER PLANTS IN OPERATION! 








Startup 
Designation Location date Power Purpose 
SM-1 Fort Belvoir, Va. 1957 10 Mw(t), 1860 kw(e) Training, experimental 
SM-1A Fort Greely, Alaska 1962 20 Mwit), 1640 kw(e) Power and heat 
+ 35 x 10° Btu/hr 
PM-1 Sundance, Wyo. 1962 9.4 Mwi(t), 1000 kw(e) Power and heat 
+7 x 108 Btu/hr 
PM-2A Camp Century, 1960 10 Mwi(t), 1600 kw(e) Power and heat 
Greenland + 1x 108 Btu/hr 
PM-3A McMurdo Station, 1962 9.5 Mw(t), 1500 kw(e) Power 


Antarctica 
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gas oil pump. Then the gas oil at a pressure of 45—- 
60 atm is mixed with an inflow of circulating: hy- 
drogen. The latter is obtained by water electrolysis 
in an electrolyzer from which it is transported to 
the system by a displacement compressor of the 
regeneration system. The gas oil and hydrogen 
mixture is heated in the r 

changer, and then it is heated up to the working 
temperature in an electric furnace. After that the 


egenerative heat ex- 


gas oil and hydrogen mixture is fed to the reactor 
filled with catalyst. The hydrogen and regenerated 
gas oil mixture coming from the reactor transfers 
its heat in the heat exchanger, and is finally cooled 
down to 30 —50°C in the cooler. Then the mixture is 
separatedin a gas separator from which the gas oil 
comes through cermet and felt filters to the pri- 
mary circuit feed tanks, and hydrogen flows to the 
circulating compressor, Owing to formation ol de- 
struction gas products (methane), small amounts ol 
the circulating gas are continuously rejected to an 
exhaust stack, Hydrogen total flowrate is found to 
be 0.45 kg/hr, hydrogen in the amount of 0.36 kg/hr 
directly takes part in the reaction. 


Table XI-2) ARBUS MAIN PARAMETERS? 


Reactor output, kW 5000 
Turbogenerator output, kw 750 
Pressure in the primary-circuit 

pressurizer, psi 88 
Coolant temperature 

At reactor inlet, °F 446 

At reactor outlet, °F 169 


Coolant flow rate of the primary circuit, 
metric tons/hr 600 
Saturated steam temperature in steam 
generator, °I 433 


Inital characteristics of the low-cost gas-oil 
coolant are given in Table XI-3. It is believed, 
however, that for the remote-station applica- 
tion of the plant the low melting point of the 
gas-oil (relative to that of the terphenyls usu- 
ally used in the nuclear application) is consid- 
ered at least as important as the low cost. It is 
believed also that the gas-oil is not being con- 
sidered for central-station use because of its 
relatively poor high-temperature capability. 
The ARBUS plant consists of separate factory- 
tested units, similar to the modules of the U. S. 
plants but apparently of slightly larger size. 
The plant consists of 19 units, each weighing 20 
tons or less, and it is stated’ that the weights 
and sizes of the units make possible their trans- 
portation to the building site by water or land. 
Setup of the plant on site requires two or three 
months,’ a time that compares with the 77 days 
required’ to erect the U. S. plant PM-3A. The 
ARBUS plant and the U. S. plants differ greatly 
in design, of course, but a particularly inter- 
esting difference is in one of the rather major 
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Table XI-3 HYDROSTABILIZED GAS-OIL 
CHARACTERISTICS? 





Specific weight at 20°C, g/cm? 0.8558 
Iodine number ; Not greater than 1 
Sulfurizing total, wt.% 30 
Boiling initiation, °C Zaz 
Boiling termination, °C 300 
Carbon content, % 86.89 
Hydrogen content, % £3.44 
Hydrogen/carbon ratio 1.8 
Sodium content, wt.% 2 x 1075 
Sulfur content, wt.% oan (1 ke 
Vapor pressure at 350°C, atm 4.85 
Chemical compound 

Paraffin, % 30.12 

Aromatic, % 30.03 

Naphthene, % 39.85 





features of the plants, Early in the design of 
PM-1, it was recognized that adequate sources 
of cooling water would not always be available 
at remote sites. For that reason heat rejection 
to the air was specified. In the ARBUS plant the 
condenser is water cooled. 

The second Russian portable nuclear power 
plant,’ the TES-3, has been in operation since 
1961. TES-3, which has a pressurized-water 
reactor, is more advanced than the other por- 
table plants in one respect: practically all the 
equipment is arranged in four large packages 
that are permanently mounted on track type 
vehicles. When the plant is readied for opera- 
tion, biological shielding is provided by cover- 
ing the two vehicles, which carry the reactor 
and the primary system, with the most con- 
venient locally available shielding material, 
e.g., earth. The operation of TES-3 has ap- 
parently been successful and has confirmed the 
reliability, the good control characteristics, and 
the convenience for maintenance of such plants.‘ 
Principal characteristics of the plant are given 
in Table XI-4. 


Table XI-4 THE MAIN CHARACTERISTICS! OF TES-3 





Generator power, kw 1500 
Reactor power, kw 8800 
Pressure in the primary circuit, psi 1910 
Temperature at the reactor inlet, °F 527 
Temperature at the reactor outlet, °F 572 
Parameters of the second circuit 

Pressure in the steam generator, psi 294 

Temperature of steam superheat, °F 536 

Pressure in the condenser, in. Hg ~ 3.9 
Cooled water flow rate, metric tons/hr 1000 
Weight of the plant equipment, metric tons 210 
Weight of the transported shield 

if included, metric tons 28.5 
Weight of all power truck-trailers, 

metric tons 310 
Core life, days 250 
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Direct-Conversion 
Power Plants 


The direct-conversion reactors discussed at 
Geneva, although not strictly the type of plant 
normally discussed in Power Reactor Technol- 
ogy, will be mentioned briefly for whatever 
bearing they may have on civilian power-reac- 
tor development. 

A concise history of the SNAP-10A program 
is given in Ref. 5. The reactor is described, the 
direct conversion of heat to electricity is dis- 
cussed, and the integration of the reactor heat 
source and a thermoelectric power-conversion 
system into a complete package is discussed. 
The characteristics of the thermal-neutron 
SNAP reactors are given in the paper, and Ta- 
ble XI-5 reproduces some of the SNAP-10A 


Table XI-5 SNAP-10A DESIGN CHARACTERISTICS® 





Fuel-moderator elements (U-ZrH) 


Diameter, in. 1.25 
Length, in. 13.0 
Ny, H atoms/cm? x 10722 6.5 

U (fully enriched 295U), wt.% 10 
Number of elements 37 
Total 735U, kg 1.3 
Cladding thickness, in. 0.015 

Reactor 

Core-vessel diameter, in. 8.94 
Core-vessel height, nominal, in. 15.6 


Be reflector thickness, nominal, in. 2 
Number of control drums-safety elements 4 


Core volume, cu ft 0.3 
Weight with reflector control assembly, 1b 250 
Fuel-element spacing-triangular matrix, in. 1.26 
Operating characteristics 
Coolant (Nak) flow, gal/min $3.3 
Inlet temperature, °F 900 
Outlet temperature, °F 1010 
Maximum fuel temperature, °F 1085 
Power, kw(t) 34 
Power density, average, kw(t)/liter 4.0 
Heat flux, average, Btu/(hr)(sq ft) 10,200 
Neutron flux, average, neutrons (em?)(sec) 1.7 x 10!! 





data. In mid-1964 the reactor and conversion 
subsystems had performed satisfactorily in in- 
dependent tests, and preflight tests of the in- 
tegrated plant had begun. Flight testing in the 
actual space environment is scheduled for 1965. 

The high-temperature direct-conversion re- 
actor Romashka has operated as a complete 
system for about 500 hr in the Soviet Union, and 
the direct-conversion portion of the plant has 
been tested® with electric heat for over 1000 hr. 
In Romashka, heat generated in the fast reactor 
core is transferred by conduction radially to a 
reflector, and then from the lateral surface of 
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Table XI-6 BASIC PARAMETERS OF THE DIRECT- 
CONVERSION REACTOR ROMASHKA® 





Electrical output, kw 0.50 to 0.80* 


Total thermal power, kw 40 
Maximum temperature of beryllium 

reflector, °C 1200 
Maximum temperature of external 

surface of beryllium reflector, °C 980 
Maximum temperature of uranium 

dicarbide fuel elements, °C 1900 
Charge of *35U, kg 49 
Worth of automatic control rod, % 0.2 
Worth of manual control rod, % 0.4 
Worth of safety rod, % 0.4 
Worth of all control rods, % 1.4 
Worth of mobile end-face reflector, % 3.5 
Total neutron flux in core center, 

neutrons /(cm?)(sec) 1018 
Total neutron flux at reactor core 

boundary, neutrons/(cm?)(sec) 7 x 10! 


Neutron leakage from reactor, 


neutrons /(em?)(sec) 3 x 101! 





*Depending on temperature conditions. 


the reflector to a semiconductor conversion de- 
vice mounted coaxially and adjoining the reflec- 
tor. The cylindrical reactor is built up of hor- 
izontal fuel elements, each of which is made of 
a graphite body and enriched fuel plates of ura- 
nium dicarbide. The radial reflector of the re- 
actor is made of graphite and beryllium, and 
end-face reflectors are fabricated of metallic 
beryllium. The reactor is controlled by four 
rods that are inserted in the radial beryllium 
reflector and by movement of the lower end- 
face reflector. The cold junctions of the ther- 
moelectric conversion devices are cooled by 
radiating fins. The average temperature at the 
bases of the fins is about 550°C. Some basic 
parameters of the Romashka reactor are given 
in Table XI-6, which is taken from Ref. 6. 

One result of the Soviet experimental work 
that may be of interest to the reactor designer 
is given in Fig. XI-1, which shows the depen- 
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Fig. XI-1 Dependence of thermal conductivity of 
uranium dicarbide on temperature.® 
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ADVANCED REACTOR TYPES UNDER CONSTRUCTION IN THE UNITED STATES!! 





MSRE* 


EBORt 


UHTREXt 


FRCTFS 





Location 
Contractor or 
laboratory 


Power, Mwi(t) 
Fuel 


Fuel enrichment, % 2735U 
Maximum fuel 
temperature, °F 
Cladding or container 
Primary coolant 


Coolant exit 
temperature, °F 
Moderator 


Oak Ridge, Tenn. 
ORNL 


10 

Molten solution of UF, 
and ZrF, in TLiF-BeF, 

5 to 93 

9: 


INOR-8 (Hastelloy N) 
Circulating fuel 

(LiF, BeF,-ZrF4-UF,) 
1225 


Graphite 


NRTS, Idaho 

General Atomic 
Div. of General 
Dynamics Corp. 

10 

62 UO,—38 BeO 


Los Alamos, N. Mex. 


LASL 


3 
UC, coated particles 
in graphite 


‘Los Alamos, N. Mex. 
LASL 


20 
Molten Pu-Co-Ce 


62 93 

1900 3000 1200 
Hastelloy X None Ta alloy 
He He Na 

1300 2000 to 2400 1157 
BeO Graphite 





*MSRE, Molten-Salt Reactor Experiment. 
tEBOR, Experimental Beryllium Oxide Reactor Experiment. 
TUHTREX, Ultra-High-Temperature Reactor Experiment. 





SFRCTF, Fast Reactor Core Test Facility of the Los Alamos Molten-Plutonium Reactor Project. 


dence of the conductivity of uranium dicarbide 
on temperature. 


Other papers concerning direct-conversion 
devices or techniques are listed as Refs. 7 to 
10. 


Advanced Concepts 


A paper by Sievering'! describes several ad- 
vanced reactor concepts currently under devel- 
opment in the United States. The four advanced 
reactor types listed in Table XI-7 are being 
built as reactor experiments, and several other 
concepts are in the stage of laboratory devel- 
opment. The Molten Salt Reactor Experiment 
is expected to be in operation early in 1965, as 
is the Experimental Beryllium Oxide Reactor. 
The Ultra High-Temperature Reactor Experi- 
ment is planned to achieve initial criticality 
late in 1965, and the Fast Reactor Core Test 
Facility, which will be able to accommodate 
core-blanket combinations of various designs, 
is scheduled for initial operation in 1967. 


Three papers are on advanced reactor con- 
cepts being investigated in the Federal Republic 
of Germany. One paper is concerned with the 
pebble-bed power reactor,'? which has been 
previously mentioned in Sec, VIII, and the other 
two describe a sodium-cooled, zirconium hy- 
dride-moderated power-reactor experiment!’ 
and a molten-salt epithermal reactor," respec- 
tively. 
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